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Abstract 
The structure of a functional protein should be viewed as a dynamic entity. This is 
especially true if the protein is composed of many modules, connected with varying 
rigidity. Moreover, the dynamic behaviour of the interaction sites of proteins is of 
interest as it can provide information about the energetics of the binding processes. 
NMR methods have been employed to characterise modular proteins involved in the 
regulation of the complement cascade, which is a part of the immune system. 
The complement system is regulated by protein-protein interactions. The binding sites 
within the regulatory proteins appear to be spread over two-to-four modular units 
(called CCPs), making it important to understand the relative arrangement of the 
modules. One- and two-module fragments from membrane cofactor protein (MCP), 
Vaccinia complement protein (VCP) - a viral mimic known to suppress the activity of 
complement - and complement receptor type 1 (CR1) were studied. 
A structural refinement of a fragment containing central CCP modules from VCP 
(which is composed of four modules) has been performed utilising restraints derived 
from the residual dipolar couplings (RDCs). The RDCs, cross-validated with the struc-
tural content of relaxation rates, provided a proof for structural differences between 
the NMR and crystal structures. Possible preferred arrangements of the modules have 
been described. 
The dynamic description derived from relaxation rates has shown that the link between 
the two central CCPs of VCP is highly flexible, more so than that between the two 
terminal ones. An indication of a difference in the level of inter-modular mobility 
between two CCP module-pairs from CR1 has also been obtained. The sensitivity of 
structure and stability of CCP modules to the presence of neighbouring modules is 
discussed. 
The local motions present at specific residues in each of the studied CCPs from MCP 
and VCP have been characterised in terms of time-scale and relative amplitude, and a 
partial description of local motions in the pairs of CCPs from CR1 was also obtained. 
The residues within the known and proposed binding sites of these proteins share 
dynamic properties with larger secondary structure elements in which they are located. 
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The subject of this project is the structural and dynamical study of multiple domain 
proteins of the regulators of complement activation (RCA) family [98] 1•  This chapter 
describes the biological background to the project. Specific techniques are introduced 
in the relevant chapters. 
1.1 Modular Proteins 
Biology, over evolutionary time, has perfected numerous proteins for the performance 
of biochemical and physiological tasks. Proteins have specific three-dimensional struc-
tures provided by folding of their polypeptide chains. The fold of a protein determines 
its shape and the composition of the exposed surface of the protein, forming pockets, 
bulges and specific regions as binding sites for ligands or targets. 
Larger proteins are frequently built from subunits called domains. A domain is nor-
mally a continuous length of polypeptide chain folded independently of the rest of 
the protein. A module is a domain that occurs frequently in protein databases and 
is normally encoded by a single exon and often occurs alongside other modules in 
proteins. 
A particular module-type can carry out a specific function. Alternatively, it can be a 
convenient scaffold which supports a multitude of (possibly unrelated) functions; this 
diversity is facilitated by small variations in local structure and residues with surface- 
1  The citations are numbered in the alphabetical order according to the first author 
1 
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exposed side-chains. In biology, a protein may perform complex or multiple functions 
and several different module types are found, forming a mosaic protein. 
The RCA family along with fibrillin, titin, fibronectin and many signalling and nucleic 
acid binding proteins are a few examples of multiple domain proteins. Fibrillin and 
fibronectin are examples of proteins built from several structurally and functionally 
distinct module-types arranged into chains containing several tens of modules. On 
the other hand, RCA proteins are mostly composed of one type of building block: 
the CCP (complement control protein) module. The CCP modules form structural 
scaffolds with a variety of functions performed by different units. 
The complement control proteins derive their name from a particular role they play 
in the immunological reaction - the control of the complement cascade. Their main 
role is to regulate complement activation (hence RCA proteins). The next section 
(1.2) outlines the elements of the complement cascade, how it is regulated and the 
characteristics of the RCA and related proteins containing CCP modules. 
It has been claimed in the case of several proteins (e.g. [63, 101]) that more than 
one CCP module is required to form a binding site. Therefore the study of fragments 
containing two or more modules is of importance - only a construct containing an entire 
binding site can give answers about the molecular basis of an interaction. If a binding 
site is a composite of several surfaces contributed by neighbouring modules, then the 
spatial arrangement of the modules and therefore alignment of their surfaces becomes 
an issue. If there is a degree of motion present between the modules then the binding 
site is a dynamic entity. Dynamic changes in interaction sites have been implicated as a 
feature that enables a protein to interact more tightly with its target, or elicit a specific 
function on any of multiple targets [43]. The inter-modular arrangement is dictated by 
the module-module interfaces. Typically, CCP modules are arranged within a parent 
protein in an end-to-end fashion, interspaced by three-to-seven (typically four) amino 
acid residues forming a linker region. The relatively small surface area buried at the 
interface makes it possible for CCP-built proteins to have a degree of motion around 
the linker. Therefore the properties of the interface and the linker can influence protein 
function. 
Multiple domain proteins present a challenge for structural and functional study be- 
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cause of their size and the possibility that the junctions between the modules can 
be important for the function. Electron microscopy can provide an idea of the over-
all shape, however high-resolution methods are not straightforward. X-ray diffraction 
often fails at the crystallisation step because of the high flexibility of such a long ar-
rangement of modules. On the other hand NMR, which is well suited to the study of 
flexible proteins in solution, has a size limit, of about 30 kDa in the case of monomeric 
proteins. However, thanks to well-defined boundaries between the modules, and their 
ability to fold independently, stretches of one-to-several modules can be studied in iso-
lation of the reminder of the protein. Constructs of up to four modules typically fall 
within the NMR size limit and some can also form crystals [23, 112]. 
NMR is a useful tool for the study of protein dynamics. The relaxation properties 
of NMR signals allow the study of motion in a protein, residue by residue along the 
backbone, to highlight well-structured regions and those that undergo a substantial 
amount of local motion. In light of the multi-modular nature of many protein-protein 
interaction sites, of even higher potential value is information on the motion of the 
modules with respect to each other. NMR relaxation depends on the rotational dif-
fusion and therefore a time-averaged shape of the studied molecule. The extent of 
inter-modular motion can be obtained if such a shape is compared with one predicted 
for rigidly attached modules. 
To understand the properties of a protein composed of multiple modules, other bio-
physical techniques need to be used, in addition to NMR. Hydrodynamical modelling 
[158] is used to calculate the diffusion tensor of a protein with a particular struc-
ture, which is necessary to interpret the NMR relaxation data. The strength of the 
intramolecular module-module interactions and extent to which these determine the 
stability of the modules can be addressed by techniques, such as circular dichroism, 
fluorescence spectroscopy and calorimetry, that monitor unfolding of the protein and 
its fragments. Changes in circular dichroism, fluorescence intensity and anisotropy can 
be correlated to transitions between unfolded, molten globule and folded states of a 
protein. The change in specific heat capacity when a module unfolds can be moni-
tored by differential scanning calorimetry. This give insights to the folding/unfolding 
transitions that are correlated to the stability of the module. 
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1.2 Complement Cascade 
Complement is a part of human innate immune system consisting of a series of serum 
proteins and cell surface receptors [98, 168]. Activation of the system leads to opsoni-
sation of activating particles, formation of a terminal membrane attack complex, which 
can cause cell death, and the production of bioactive protein fragments (the anaphy-
latoxins), which leads to immune cell invasion and inflammation. The complement 
system incorporates an enzymatic cascade with a feedback mechanism. The positive 
feedback allows for a very rapid increase in the response level (see figure 1.1). 
The potential for damage to the host cells is high. Also, as the activation of the 
system occurs in the blood stream, activated molecules may be carried from the site 
of activation, and cause widespread response. To limit the potential for self-damage 
there exist control proteins, both in serum and expressed on the cell surface, whose 
specific purpose is to damp down complement activation and to protect the host. The 
complement system is divided into classical and alternative activation pathways. They 
both consist of series of steps in which proenzymes are activated by proteolysis and 
then in turn activate the down-stream enzymes. Both pathways converge at the step 
of cleavage of the plasma protein C5, which leads to the terminal lytic pathway and 
the destruction of the cell. 
The classical pathway 
The activation of the classical pathway is most often initiated by the binding of the 
first component of complement (Cl) to an antibody/antigen complex. However, other 
molecules, including viral proteins and nucleic acids, may occasionally activate the 
classical pathway in the absence of an antibody [3]. The complement component Cl is 
the complex of a hexameric Clq, with two copies of Cir and Cis. Clq is involved in the 
recognition of an antibody, while Cir and Cis are both serine proteases. The binding 
of a ligand to Clq leads, in the first proteolytic step of the cascade, to activation of 
Cir, which then cleaves and activates Cis. An activated Cl complex can then cleave 
the plasma protein C4, producing the anaphylatoxin C4a, and the large fragment C4b. 
The C4b fragment can bind to another plasma protein C2, forming C4b2 complex, 
and allow Cis to cleave off a non-catalytic C2b, creating an active catalytic site in the 
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Figure 1.1: Complement system. A schematic adapted from a talk by Dr. C. 
lle,iderson. The classical and altertial lye pathways of activation are indicated. The 
flow of the cascade with binding and cleavage events and output of anaphvlatoxiri.s 
(C3a. (1a and ('5a) are iiidicated by black arrows. The red arrows point to the 
places of regulation by iiichicated RCA proteins via t lie competition for binding to C -lb 
and ('31) and the promoted dissociation of the the classical and alternative pat hway 
(3 convert ases. The blue arrows show points in the coin pleineni cascade where t lie 
indicated H(A proteins are involved as cofactors for factor I-mediated cleavage of (-lb 
and ('3b. 
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C4b2a complex. C4b2a is the second serine protease of the classical pathway and is 
known as the classical pathway C3 convertase. Activated C4b2a cleaves C3 releasing 
anaphylatoxin C3a and binding to C3b to form C4b3b2a complex. Upon cleavage of 
both C3 and C4, an internal reactive thiolester in the major 'b' fragment is exposed. 
This group can react with the amino and hydroxyl groups on the target surface to 
form amide or ester bonds [34]. If the activation occurs close to a cell surface, or e.g. 
immune complex, the C3b/C4b fragments coat the surface in the process known as 
opsonisation. The C4b3b2a complex is known as the classical pathway C5 convertase 
and can cleave C5 proenzyme to release C5a and C5b in the last proteolytic event of 
the cascade [98]. 
In complement activation by the lectin pathway, the lectins bound to foreign polygly -
cans trigger the cascade. The carbohydrate recognition domain of lectin binds to mul-
tiple sites on carbohydrates found in a spatial orientation characteristic of pathogens. 
The family of human lectins includes mannose binding protein (MBP) and lung surfac-
tant proteins A and D. Human MBP can substitute for Clq and form MBP-Clr-Cis 
complex which then directly activates the C3 convertase of the classical pathway, C4b2 
[65]. Alternatively MBP-ligand complexes interact with MASP (MBP Associated Ser-
me Protease), to activate C4b2 [107]. 
The alternative pathway 
Alternative pathway of complement activation depends on the small amount of spon-
taneous hydrolysis of the C3 thiolester, without the loss of its C3a portion, producing 
C3i, or on the production of C3b by the classical pathway C3 convertase [133]. C3b or 
C3i then associate with factor B followed by activation by factor D and the release of 
Ba to form the alternative pathway C3 convertase C3bBb [68]. This process occurs at 
low levels in the serum, but is amplified when C3i or C3b binds to an activating surface 
[133]. The binding of a second C3b molecule to the complex results in the formation 
of the alternative pathway C5 convertase, C3b213b. 
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The terminal lytic pathway 
The terminal lytic pathway consists of a series of association events following the 
activation of C5. The only proteolytic event in the terminal lytic pathway is the 
cleavage of C5 to form C5a and C5b. C5b attached to the membrane via the C5 
convertase rapidly binds to C6, C7, C8 and subsequently to numerous copies of C9. 
The hydrophobic sections of C9 are thought to intercalate into the membrane and 
form the membrane attack complex (MAC). Upon formation, each of the complexes 
produces a breach in the cell membrane and this leads to the destruction of the cell by 
induced osmotic flow. [98] 
1.2.1 Regulation of Complement 
Along the cascade the anaphylatoxins C3a, C4a and C5a are released. They are potent 
pro-inflammatory mediators and can bind to a range of cells via specific receptors 
[98, 133]. Two of the inflammatory responses are the release of vasoactive mediators 
such as histamine when anaphylatoxins bind to mast cells and basophils and the chemo-
attractant role of C5a, which promotes migration of neutrophils towards the site of 
complement activation [30]. 
C3b and C4b are opsonins. This means that they are deposited as covalently attached 
fragments on the surface of particles, increasing the susceptibility for phagocytosis [22]. 
The opsonised complex is bound via C3b or C4b to the complement receptor type 1 
(CR1) on blood erythrocytes and taken to the liver and spleen for clerance from the 
body. 
As mentioned previously, the complement system is amplified via a cascade mecha-
nism, by which a small initiating stimulus can quickly lead to a large response. The 
inflammatory response to released anaphylatoxins, inappropriate opsonisation and de-
struction of the cells via MAC complex can lead to the damage to the host's cells. The 
cascade is therefore controlled at many points. 
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The control of the classical pathway 
Cl and is inactivated by binding to a specific inhibitor, which can prevent a spon-
taneous activation [173]. Mannose binding protein and MASP circulate as a complex 
with -2 macroglobulin, a protease inhibitor which inhibits MASP activity and appears 
to regulate complement activation by MBP [65]. 
A key point of complement regulation is at the step of formation of C3 convertases. 
Several RCA proteins regulate classical pathway activation at this step: an abundant 
serum glycoprotein known as C4b binding protein (C4bp), the membrane bound com-
plement receptor type 1 (CR1 / CD35), and decay accelerating factor (DAF / CD55), 
which is linked by a glycerophosphatidyl inositol anchor to the surface of the blood 
and mucosal cells. They bind to C4b and compete with C2 therefore preventing the 
assembly and promoting dissociation of the classical C3 convertase C4b2 [61]. Also 
C4b splitting, by the serine protease factor I, into biologically inert C4c and C4d is en-
couraged by the cofactor activity of CR1, C4bp and membrane cofactor protein (MCP 
/ C1346). The binding of C3b/C4b to MCP prevents further opsonisation and protects 
from phagocytosis [63]. 
The control of the alternative pathway 
The alternative pathway is controlled by similar mechanisms to the classical pathway, 
also involving the RCA family of proteins. Factor H is the most abundant C3b-binding 
protein. The binding of C3b by factor H greatly increases the rate of decay of the 
C3bBb complex. Factor H also regulates the alternative pathway C5 convertase by 
competing with C5 for C3b binding. In a similar fashion to C4bp in the classical 
pathway, factor H acts as a cofactor for factor I-mediated cleavage of C3b to yield 
iC3b. Additionally the dissociation of the C3bBb complex is promoted by CR1 and 
DAF and C111 and MCP act as cofactors for the factor I-mediated cleavage of C3b. 
CR1, MCP and DAF are expressed on cell surfaces and together control the sites at 
which the alternative pathway C3 convertase is produced. The control of C3 soon 
after its formation maintains a fine balance between alternative pathway "tick over" 
and the full-scale activation at the centre of which is large scale turnover of C3. Many 
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foreign particles and infectious organisms lack C111, MCP and DAF. The activation of 
complement is effective in proximity of such surfaces because C3 has higher affinity for 
factor B than for factor H. The low amount of sialidated glycans on bacterial and yeast 
cells does not allow for an efficient factor H binding leading to an increased alternative 
pathway activation. 
The control of the terminal lytic pathway 
The formation of the MAC is inhibited by a number of membrane-bound as well as 
serum proteins. The fluid phase proteins bind into the MAC intermediates, especially 
to the C5b-7 complex. Interaction with an inhibitor abolishes C5b-7's ability to insert 
into membranes. Surface antigen CD59 and the "C8-binding protein" also known as 
"MAC-inhibiting factor", like DAF and MCP, exhibit homologous restriction, i.e. they 
restrict MAC mediated lysis only when the complement components are from the same 
species as the cells on which the proteins are expressed. C8-binding protein inhibits 
MAC formation by binding to C8 and blocking binding to C9, while CD59 binds to 
C5b-8 complex allowing it to bind one C9 molecule but blocking any further C9 from 
binding to the complex [94]. 
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1.3 RCA Proteins 
The RCA proteins derive their group name from the fact that analysis of the human 
complement control proteins at a genetic level showed C4bp, DAF, CR1, CR2 (i.e. 
complement receptor 2) and MCP to be carried in one gene cluster (termed regulation 
of complement activation gene cluster) on chromosome 1 [62]. Most of the CCPs are 
encoded by single exons making it highly likely that the broad range of CCP-containing 
proteins evolved due to rearrangement of modules by DNA duplication, deletion, or 
unequal crossover from a common ancestor. The ease of this type of mutation could 
explain the high diversity in the range of RCA proteins in mammals [63]. 
1.3.1 Structural characteristics 
Analysis of the amino acid sequences of many of the proteins involved in regulation 
of complement showed that they have sequence similarities, which suggests that they 
may have evolved from a common ancestor [62]. These proteins include C4bp, Factor 
H, DAF, MCP, CR1 and CR2. 
They are all made primarily from sequential repeats of about sixty amino acids. This 
repetitive motif is called CCP-module (previously used names include SCR-short con-
sensus repeat, Sushi and CF-module) and has a number of conserved amino acid 
residues at specific positions, see figure (1.2). The conserved residues include a trypto-
phan, several prolines, four cysteines, several hydrophobic residues and glycines. The 
cysteines form two disulfide bonds, in a 1-111, II-IV pattern [131]. 
The complement control proteins have widely varying numbers of CCP-modules; poly-
morphs of CR1 consist of 30 (most commonly occurring) to 44 CCP-modules [91], 
whilst MCP and DAF have only four. There appear to be no proteins known to bind 
C3b or C4b that have less than three CCP-modules, suggesting that this is a minimum 
requirement for efficient binding. 
There are many CCP-module containing proteins that have neither C3b- and/or C4b-
binding function nor complement control activity. This, coupled with the fact that 
proteins such as factor H and CR1 have a large number of CCP-modules that do not 
bind C3b or C4b, suggests that CCP-modules can play other roles. In some proteins, 
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Figure 1.2: Amino acid sequence alignment of CCP modules. The alignment 
of CR1 site 1 and 2 and \CP:1-3 with closely related modules is shown. Additionally 
sequence of VCP:4 is shown below aligned according to consensus residues of a CCP 
module. Cysteines forming the disulfide bridges are marked I-1V. The residues of CR1, 
conserved or conservatively substituted in the shown sequences, are marked in pale 
blue under each section of the alignment. Pro, Cys, Trp and Gly residues are colour 
coded. 
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e.g. CR1, these domains appear to act as structural spacers, to ensure the correct 
positioning of binding sites [79]. It is also possible that CCP-modules can have quite 
different binding activities, such as sialic acid binding in factor H [82]. Also CCP-
modules of unknown function have been found in the GABAB receptor [57]. It is 
reasonable to think of the consensus sequence of the CCP-module as a scaffold, onto 
which functions can be built by sequence alteration in positions that do not affect the 
structural integrity of the unit. 
1.3.2 High resolution structural studies 
The modular nature of CCP-module containing proteins and the small interfaces be-
tween modules render most of them difficult to model or crystallise due to their likely 
overall flexibility. However the same features facilitate a dissect and rebuild strategy 
[8], which has also been used for a range of other modular proteins [21]. Dissection 
down to one-, two- or three-module fragments allows study of the structures using 
NMR. 
Structural studies have so far been carried out, using high field NMR, on two single 
CCP-modules [115, 9] and a module pair [10] from human factor H; two overlapping 
CCP-module pairs forming site 2 in CR1 [146]; two overlapping pairs from VCP [169, 
59] and a module from MCP [116]. Currently fragments of DAF, MCP and site 1 
in CR1 are being studied. Despite the inherent difficulties a few crystal structures 
have been obtained and these are the CCP-module-serine protease pair from Cis [49], 
a double CCP-module-serine protease fragment from Cir [19], the two N-terminal 
modules from MCP [23], an intact Vaccinia virus complement protein (VCP) [112], 
/32glycoprotein I (APOH) [143], and the two N-terminal modules of CR2 bound to its 
ligand CM [151]. 
In each of these CCP-modules, the overall 3D structure is substantially conserved 
indicating that the consensus amino acid sequence of the CCP-module does code for a 
common structural motif (see figure 1.3). Thus these results offer an explanation for 
how the consensus residues maintain the structural scaffold. The principal structural 
features include: a compact hydrophobic core wrapped in short 0-strands that form 
two antiparallel /3-sheets, typically one of three strands and one of two. The strands 
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are all aligned approximately with the long axis of the module. The module is braced 
by the two disulfide bridges, which are at opposite ends of the structure. The N- and 
C-termini lie at opposite poles of the long axis. The hydrodynamic [111], electron 
microscopy [33] and X-ray scattering data [4, 123] show molecules with many CCP-
modules to be elongated structures, which agrees with an end-to--end arrangement of 
the modules. The regions of highest sequence variation within the modules seem to fall 
within looped out regions of the sequence, which are often the sites for insertions and 
deletions, and may be flexible. It could be that variation in these loops is the primary 
reason for CCP-modules having different binding capabilities. 
1.3.3 The interface 
Essential for studying modular proteins as a series of small fragments is the ability to 
understand the role and structure of linking sequences (referred to as linkers) between 
the individual domains. Generally, CCP-modules are connected by a linking sequence 
that contains three-to-seven amino acid residues (i.e.: from cysteine IV of one module 
to cysteine I of the next). The relative disposition of one module to the next in a chain 
of modules is a function of the interaction both of modules with the linker and of the 
direct interaction between the bodies of two modules. 
The structures of CCP-module pairs and longer constructs have mostly shown the two 
modules joined in an end-to-end fashion. In fact the CR2:1,2 is the only structure 
to date which shows an interface formed between the long sides of the CCP-modules 
[151]. This can be explained by a non-consensus Trp in CR2:2 and other hydrophobic 
residues exposed along the long sides of CCPs. 
The above mentioned structures, especially the ones obtained in solution, have shown 
a varying degree of definition in module-module orientation, although it was not clear 
from NMR whether this was an actual dynamic property of the interface or was due 
to a lack of NMR restraints available for the calculations. VCP:2,3 [59] and CR1:16,17 
appeared more flexible than VCP:3,4 [169] and CR1:15,16 [146] respectively. Other bio-
physical results seem to corroborate the differences between CR1:16,17 and CR1:15,16 
[75, 77]. 
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1.3.4 Proteins studied in this project 
This work is concerned with constructs of the human RCA proteins, MCP and CR1, 
and a viral RCA mimic protein, Vaccinia virus complement protein (VCP). 
Complement Receptor type 1 
CR1 is a membrane-bound glycoprotein ('220-290 kDa [63]) found mainly on the 
surface of erythrocytes but also present on the surface of most other blood cells with 
the exception of platelets, natural killer cells and some T cells [91]. 
Human CR1 is a single chain glycoprotein with an amino-terminal extracellular portion 
composed in the most common allotype of 30 CCP, 28 of them organised into four long 
homologous repeats (LHR) with two additional CCPs next to the trans-membrane 
domain [80] and a 43 amino acids long cytoplasmic tail. There is a high identity 
between a number of CCPs in homologous positions within LHRs suggesting that the 
seven CCPs comprise an original unit, which underwent a multiplication retaining up 
to 99% homology in some regions e.g. CCPs 3-7 versus CCPs 10-14 [91], and diverging 
in others e.g. CCPs 1-2 and CCPs 8-9 with close to 61% homology [62]. The first three 
(1-3) CCPs of LHR A contain functional site 1 that binds C4b and, very weakly, C3b; 
and the first three CCPs of LHR B and C (8-10, 15-17), which are virtually identical, 
contain functional site 2, which binds C3b strongly and C4b with an affinity similar to 
site 1. Site 2 is a primary carrier of cofactor activity for factor I cleavage of C3b/C4b, 
while site 1 conveys decay accelerating function for C3 convertases [89]. On the other 
hand for an efficient decay accelerating activity with respect to C5 convertases, site 
1 must be followed by site 2 [92]. The analysis of the allelic variants with two, three 
and more copies of site 2 has shown 10- and 100- times higher affinity for C3b dimers 
than variants with a single site 2 indicating that the duplication allows for functional 
synergy [172]. The third modules in all LHRs are practically identical making the 
first two modules of each active site primarily responsible for the above mentioned 
functional differences. 
CR1 acts as a receptor for a number of pathogenic organisms. Leishmania, some My- 
cobacteria and HIV may enter cells upon binding to CR1 via a coat of C3b deposited 
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on their surface [63]. The malaria parasite expresses on the surface of infected ery-
throcyte a protein that binds to CR1 on uninfected erythrocytes. This causes cells to 
stick together in a rosetting phenomenon that has been associated with high malaria 
mortality. The mutation in CR1 that reduces rosetting is more common in African 
populations than in Caucasian ones suggesting that it provides a survival advantage 
against malaria [63]. 
The structure of the three binding modules of site 2 consisting of CCPs 15-17 has been 
solved [146] allowing for a rational discussion of the interaction surface in terms of the 
individual surface-exposed amino acid side-chains (see figure 1.4). 
Extensive mutagenesis studies have been performed to elucidate the residues and sur-
faces responsible for specific functions [89, 90, 92]. The first observation was that, in 
general, exchanging residues from positively charged or neutral to negatively charged 
ones reduced the site's binding ability. This, together with a dependency of binding 
strength on the salt concentration, points towards an ionic interaction between CR1 
and its targets. 
In an attempt to discern the functional differences between site 1 and 2, homologous 
residues were exchanged between the two sites (see figure 1.4). Those mutations that 
inserted homologous residues from site 1 into site 2 did not have a dramatic effect 
on binding, but substitution of some residues that reside on one face of module 15 
(equivalent to CCP 8) partially reduced binding activity and, in the case of a tyrosine 
(Y937), loss of cofactor activity for C3b. In CCP 16 (equivalent to CCP 9) two residues, 
asparagine (N1009) and lysine (K1016) proved to be vital for site 2 functions. They face 
in the same direction as the partially activity reducing mutations in CCP 15. Charge 
reversal rather than homologous mutations on this face of CCP 15 revealed two lysines 
(K912, K913) and an arginine (11933) in CCP 15 of site 2, which when changed to 
glutamic acid, deleted the ability of site 2 to bind C4b. These three mutations in CCP 
15 combined with K1016E in CCP 16 significantly reduced the ability of site 2 to bind 
C3b; alternatively the K964E mutation proved to have a similar effect to K1016E, and 
when all of these five residues were mutated at the same time the C3b-binding dropped 
below 10% [146]. The tyrosine, a mutation of which (Y937S) caused loss of cofactor 
activity, resides close to this surface and close to the inter-modular junction. Also 
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Figure 1.1: Structure of site 2 of human Complement Receptor type 1 (CR1) 
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of t hree dimensional structure of ('Ri: 15-17 01)1 ained by NMR of two overlapping 
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as b). but turned by 900. 
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CCP 17 is necessary for activity and an arginine, R1041, was identified as important 
for C3b-binding. 
Site 1 gains the functions of site 2 when a few of the residues were replaced with those 
at the homologous positions in site 2. The D109 is in the homologous position to 
N1009, and D109N substitution introduced C3b-binding ability. N1009 does not play 
a role in the structure scaffold, nor the inter-modular junction, further implying that 
C3b-binding is created when a positive charge is introduced, though the formation of 
a hydrogen bond with C3b by the asparagine may be important. N29K, and jointly 
537Y and G791), had a similar effect to D109N. The gain of function observed when 
S37Y and G79D were introduced is of interest, as this pair constitutes the difference 
between human and baboon and chimpanzee erythrocyte expressed CR1 [15]. The 
latter does not carry site 2 at all, with the modified site 1 carrying out the functions 
of both sites [91]. The homologous tyrosine replacing S37 is the very same that caused 
loss of cofactor activity when the site 2 mutation, Y937S, is made. The N979 replacing 
G79 is on the other face to the rest of the important residues in site 2, and the only 
association with Y937 is that it also is close to the linker between modules 15-16. This 
implies that the structural rigidity of the junction might be responsible in part for the 
difference in function of sites 1 and 2. 
The membrane cofactor protein 
The human MCP (CD46) is a membrane-bound glycoprotein abundantly expressed on 
the surface of most cells in the body with the exception of erythrocytes [63]. The MCP 
when purified from human blood, appears as two broad bands on an SDS/PAGE gel 
with molecular weights between 45 and 70 kDa. The amounts of different iso-forms of 
MCP varies in the population with the higher weight form being predominant in 65% 
of people and only 6% expressing mainly lower weight variant. The MCP is built of 
four CCP modules N-glycosylated at CCP 1, 2 and 4; followed by a variable length 
O-glycosylated domain rich in serines, prolines and threonines (STP); 12 residues of 
unknown function; a transmembrane region and cytoplasmic domain at the carboxy-
terminus. The STP domain is coded by three exons of which the first is always spliced 
out and the third is included to give two variants consisting of products of exon B 
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and C or C alone. Further molecular weight variation is due to two differently spliced 
forms of the cytoplasmic domain of 16 or 23 residues. In certain tissue some of these 
iso-forms are expressed predominantly. 
The principal MCP role in complement is to protect the host's tissue by acting as a 
cofactor for factor I mediated cleavage of C3b and C4b which deposit on self-cells. The 
C3b-binding site consists of CCPs 2-4 but can be mediated by CCP 3-4 alone, while the 
C3b-cofactor activity requires the 2-4 construct, suggesting that the sites responsible 
for C3b binding and cofactor activity are not identical. The C4b-binding and cofactor 
activity is mediated by the 2-4 part but CCP 1 also contributes to optimal activity. In 
depth mutagenesis studies [101] demonstrated that sites at the C-terminus of CCP 1 
and 2 next to fourth conserved cysteine are important for cofactor activity for factor I 
cleavage of M. Similar sites in CCP 3 and 4 when mutated altered interactions with 
both C3b and C4b. These findings are consistent with either binding sites in MCP 
being close to the inter-modular junction or the stability of the junctions and spatial 
arrangement of the modules being critical for the function of MCP. 
The MCP is a receptor for Measles virus, pathogenic Neisseria, group A Streptococcus 
pygerzes and human herpesvirus type 6. The Neisseria binds to an unknown part of 
the four CCPs, while measles virus (MV) binds via haemagglutinin (a virus membrane 
glycoprotein) [63] to a glycosylation free patch stretching through CCP 1 and 2 [23]. 
Interestingly, an only peptide of CCP 1 shown to be important for MV binding (DRN-
HTWLPVSDDACY, encompassing the third conserved cysteine) also contributes to 
cofactor activity for C4b [101]. The CCP 1 is absent in the new world primates' MCP 
preventing MV binding [64]. This deletion may be possible because the C3b activity 
is not affected and regulation of C4b is only partially reduced. 
The Vaccinia virus complement protein 
As complement is responsible for a rapid immune response it is not surprising to find a 
mechanism for evasion present in a pathogen. The most studied protein of this type is 
a protein secreted by Vaccinia virus - the Vaccinia complement protein [20, 66, 86, 85]. 
VCP is a homologue of the RCA proteins, with highest similarity to the sequence of 
first four CCPs of human C4bp, see figure (1.2). 
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VCP was purified from the Vaccinia infected cell culture [86]. It was shown that VCP 
was responsible for Vacciriia-mediated inhibition of haemolysis and regulation of the 
classical pathway by preventing formation or destabilising the classical C3 convertase 
[85]. 
VCP consists of 263 amino acids (calculated Mw of 28.6 kDa) including a signal peptide 
of 19 residues. The SDS/PAGE over-estimates the mass of VCP (35 kDa); this is 
anomalous, as there are no N-glycosylation sites in VCP, and no 0-linked glycosylation 
was detected [861. 
The gene for VCP has probably developed from an initial gene capture event, by which 
the virus has attained a part, or all of the host gene, and has then adapted it for its 
own purposes. This kind of horizontal gene transfer has been shown to have occurred 
in other systems [35]. The homology to RCA proteins is a further indication of VCP's 
role in immune evasion [98]. 
There are four CCP-modules in the native protein, making up its entire sequence, see 
figure (1.3). The two constructs studied in this project were VCP:2,3 and VCP:3,4. 
The solution structures of both proteins are shown in figure (1.5). 
It has been shown that VCP binds to C3b [132] and C4b deposited on cell surfaces 
[85] or these proteins bound to sepharose [67]. Haemolytic assays showed that VCP 
is active also against the alternative pathway convertase [135]. It can also act as a 
cofactor for factor I-mediated cleavage of C3b and C4b promoting their inactivation 
[135]. The VCP is different from human complement regulators in that it binds to C3b 
but not to the inactivated form iC3b, thus enabling VCP to recycle at the infection 
site to inactivate further copies of C3b [132]. 
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Figure 1.5: The solution structure of VCP:2,3 and VCP:3,4. \Iolscripl [ST] 
rf'presellt ation of: right V( P:2.3 [59]: 1(,f \( 'P:3J [169]. Iliese ale i'epresentative 
structures of the families of NM t si rtit'l iires deposited in protein data base with ac-
cession nunibers \'('ft2.3: leSg and \'CP:3..l : 1 vvd and I vve. 
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1.4 Research Goals 
The goal of this project was to establish the suitability of recently developed methods 
of applying dipolar couplings and NMR relaxation to proteins containing multiple 
modules. The proteins in the scope of this project are the RCA proteins containing 
CCP-modules. 
The first aim was to establish media suitable for partial alignment of CCP module-
containing protein fragments and to perform structural calculations using the dipolar 
couplings measured in aligned media. The second aim was to obtain dynamical infor-
mation about proteins containing CCP-modules, and to combine static and dynamical 
information to yield a more complete view of protein structure in the liquid phase. 
Chapter 2 
Basic Theory of Nuclear 
Magnetic Resonance 
2.1 The nuclear magnetism 
Nuclear magnetic resonance (NMR) spectroscopy is a technique for measuring phe-
nomena associated with nuclei subjected to a magnetic field B0 [1]. 
In contrast with the optical spectroscopies, the splitting of the energy levels, between 
which absorption and emission take place in NMR, has to be induced by placing nu-
clei in a magnetic field. This is the Zeeman effect [69]. The interaction that can 
cause a transition between these energy levels is with the magnetic component of an 
electromagnetic field. The energy levels available to a particular nucleus are due to 
the nuclear spin angular momentum I operator [140], characterised by nuclear spin 
quantum number I, with the magnitude: 
I '1= 1 VI_  (i+ 1), 	 (2.1) 
where the h is the Planck constant divided by 27r. Nuclear spin number depends on the 
composition of the nucleus [5], and in particular on the number of unpaired neutrons 
and protons: nuclei built of odd number of neutrons (odd atomic mass number) have 
half-integral spin numbers (e.g. ' H = = ' = ), those with even number of 
neutrons (even atomic mass number) and odd number of protons (odd atomic number) 
have integral spin numbers (e.g. 1'N = 1) and those with even number of both have 
spin number 0 (e.g. 162  C). 
23 
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Quantum mechanics states that only the magnitude and one of the vector components 
of I can be specified at the same time. If we choose the T,. direction then 
I=hm. 	 (2.2) 
The number of allowed orientations for spin angular momentum I, and hence of different 
values for I, is 21 + 1 which gives quantisation of magnetic quantum number m: 







(m = + 
Figure 2.1: Spin quantisation. a) Nucleus with a spin number I = , the spin states 
m = and m = - are called o and 0 respectively. b) Nucleus with a spin number 
1 = and available states m = 3, , -, -. 2 	 2 
A nucleus with a spin I > 0 can be thought of as a magnet with a magnetic dipole 
moment, ji, which is collinear with the vector representing I and defined as: 
i=7.I, 	with ILz7z, 
	 (2.3) 
where y  is the gyromagnetic ratio, an empirical value characteristic for a type of nu-
cleus. The gyromagnetic ratio can have a positive or a negative value (e.g. 7 1 H = 
2.6752 108  [T's'] and Y'N = — 2.712 10 7 [T's 1 ] ); a negative value indicates 
that the magnetic moment is in a direction opposite to that of the spin angular mo-
mentum. The energy arising from interaction of the magnetic moment with magnetic 
field B 0 is given by 
E=—p•B o . 	 (2.4) 
The relevant direction for I is parallel to the magnetic field so we can put B 0 = 
According to the equations (2.2 , 2.3) and quantisation of the magnetic quantum 
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number m the allowed energies are: 
Em = — yhmB o . 	 (2.5) 
Therefore the energies of the states available to the nucleus in a magnetic field are 
proportional to the surrounding magnetic field, and the gyromagnetic ratio of the nu-
cleus and are defined by the spin state number (magnetic quantum number). Only the 
single-quantum transitions are allowed, the transitions between neighbouring energy 
levels with Lm = ±1. The energy of a transition and the resonance condition for 
the frequency v0 of an electromagnetic radiation which can be absorbed to induce a 
transition is consequently: 
AE = —yhB o = hv0 	vo = -1B0. 	 (2.6) 
2ir 









a 	 1 m=- 
AE=hv 
m=+ - 
Figure 2.2: Energy levels. Energy levels and transitions allowed for a nucleus with 
spin a) I = , the a and /3 states are marked; b) I = 
In an NMR spectrometer the external field B 0 is provided by a superconducting mag-
net. Inside the sample cavity this provides a highly homogeneous field to allow all of 
the nuclei of the same type, e.g. protons 'H, to resonate (undergo a transition between 
the energy levels) with the same frequency. The frequency of a proton transition for 
a 14.1 T magnet is 600 MHz equivalent to A = 75 cm, which is within the range of 
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radio-frequency waves. Hence the field applied within the spectrometer to induce a 
transition is called the radio-frequency (r.f.) field. 
2.2 The local environment effects 
The energy levels as defined in section 2.1 take into account an isolated spin within a 
magnetic field. The observed nuclei, however, form parts of molecules and are subjected 
to various electronic environments as well as being surrounded by other nuclei. 
The effect of the electrons is to form local magnetic fields that shield the external field 
B0 . The nucleus experiences a field of modified strength Bo (1 - a), where a is the 
shielding constant [162]. This leads to the modified condition for a resonance: 
V7 	
2ir 
B0 (1 - a) 	
(2.7) 
Therefore the resonant v of a nucleus type (e.g. 'H) depends on the position in a 
molecule in which it is found. Different levels of shielding cause the spectral lines 
of nuclei to be spread out along the frequency scale. Once a reference frequency is 
established (the frequency of a nucleus in a standard substance) the other lines can be 





where v0 is the reference frequency, relative to which frequency ii is given by Q (another 
frequently used symbol is 8) in units of parts per million (ppm). 
The local electronic environment is, in general, not isotropic. Shielding constants 
and chemical shifts depend on the orientation in the external field B 0 . In liquid NMR, 
which is of concern here, a molecule rotates freely and therefore the direction-dependent 
terms are averaged out, leaving only the apparent isotropic part which is included in 
equation (2.7). The actual anisotropy of the shielding is not however removed, and it 
contributes to the spin relaxation. In principle the shielding itself also depends on the 
intensity of the external magnetic field, but it is small (its effect is measured in parts 
per million) and the change in it is still smaller, and therefore to a good approximation 
it can be thought of as a constant [47]. 
CHAPTER 2. BASIC THEORY OF NUCLEAR MAGNETIC RESONANCE 27 
2.3 Populations of the energy levels. 
At thermal equilibrium energy states are populated unequally because the lower energy 
levels are more probable. The population of a state with spin m is governed by the 
Boltzmann distribution [95]: 
1 	ZZL 	l+ mB O Nm 	exp\kT) 	kT_  
N ' 	 21+1 - 21+1 	
(2.9) 
>2 kT exp() 
m=-I 
where Nm  is the population of state rn, N is total number of spins involved, k is a 
Boltzmann constant and T is an absolute temperature. In the approximation above 
the Taylor expansion (e 1 - x) was used, utilising the fact that for an ambient 
temperature and any realizable magnetic field, Em /(kT) = mhyB o/(kT) < 1 
For a two level system with a spin I = -, the equation (2.9) translates into a small 
excess of the population, 6, in the lower energy level, c: 
LIE P kT kT_ 
- 	N 	= 21+1 - 	
(2.10) 
Populations may be perturbed by r.f. pulses, the largest amount of energy being 
absorbed during the inversion pulse (1800  or air—pulse), which inverts the populations 
of the excited and ground energy levels. Following inversion the spins return to the 
ground energy level in the process of spin-lattice or longitudinal relaxation Ti . 
As with all forms of spectroscopy, radiation-induced excitation (stimulated absorption) 
has the same probability as the emission. Consequently, the net energy absorption and 
hence the intensity of the spectroscopic transition is dependent on the population 
excess 6 [25]. For proton in a 14.1 T magnet 6 is about 10_6.  Protons have relatively 
high y and therefore a relatively large population difference defining the sensitivity. 
Other frequently used species e.g. 15 N and ' 3C have sensitivity that is reduced by 
the ratio YX/YH.  The observable magnetisation is defined as a sum M = EjA j and 
angular momentum is proportional to the -y of the observed spin (eq. 2.3). The 
voltage induced in the coil scales with the energy of the transition while the noise with 
the square root of the dectected bandwidth and therefore S/N is also proportional to 
oz -yB o /(-yB o) = (B0). Thus NMR is an inherently insensitive method. 
For that reason a lot of effort over the years has been put into designing experiments 
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which utilise the protons, as the most sensitive nuclei, for the initial excitation and 
for collection of the NMR signals. In parallel development, the electronic components 
of the NMR spectrometers have been improved to enhance the sensitivity. Enhancing 
the sensitivity was one of the major reasons behind developing very high-field magnets 
(currently up to 21.1 T). 
2.4 Larmor precession 
According to classical electrodynamics a magnetic dipole moment placed in a magnetic 
field B 0 experiences a torque 11 x B0 and therefore its angular momentum I changes 
in time according to: 
dl d 
= 	— =7(1LxBo). (2.11) 
This causes the dipole moment pt of the nucleus to behave like a gyroscope precessing 
a) 	z  0 	b) 	z1(B-' 
0 7' 
y 	 y 
X 
Figure 2.3: a) Nuclear magnetic dipole precessing in the magnetic field, with the 
angular velocity L'O = 27rv0 defined by the resonance condition. b) the same dipole 
seen in the reference frame rotating in the laboratory with angular velocity w. 
	
about the magnetic field with frequency v0 = 	called the Larmor frequency (in 
NMR the angular velocity w 0 = 27rv0 is commonly referred to as Larmor frequency). 
The Larmor frequency is equal to the resonance frequency in equation (2.6). This 
equality allows us to utilise the vector picture to describe the behaviour of spin in the 
magnetic field during free precession and transitions allowed by quantum mechanics 
(zm± 1). 
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2.4.1 Rotating frame 
In describing magnetisation a rotating frame is often invoked, in which a dipole ap-
pears to precess with the frequency Urot = V0 - l'frame, giving an impression that the 
magnitude of the magnetic field has been reduced to 
2lTlIf rame  
Brot = B0 - 	 . 	 (2.12) 
7 
If the frame rotates together with the dipole, that is Vframe = v0, the dipole will appear 
static under the effective field Brot = 0. 
2.5 The bulk magnetisation 
A real NMR sample consists of up to a micromole of a substance being examined 
(typically a 0.3 mL of a sample at a concentration of about iO Mol/L is placed 
within the receiver coil in the probe. It is not the behaviour of an individual magnetic 
moment, p, but that of the bulk magnetisation, M, summed over all of the dipoles of 
individual nuclei, which is the subject of measurement in NMR. 




Figure 2.4: A collection of spin 1 magnetic dipoles precessing around 13 0 . Any 
individual dipole can be found within the double cone. 
All the dipoles can be seen as precessing around the magnetic field B 0 ; however their 
phases, that is where they can be found around the cone, are arbitrary (see figure 2.4). 
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Because of the phase differences, the vector sum (2.13) for freely precessing dipoles 
cancels out in the transverse, that is perpendicular to B 0 , plane (x,y in the picture). 
The effective magnetisation that is left in the ë direction arises from the difference in 
population of spin-up/spin-down states (see section 2.3) and the Curie law governs its 
magnitude: 
Mo _ 7
2 h2 1(I+ 1) 
- N 	
3kT 	
B0 . 	 2.14 
The magnetic susceptibility Xo  of a substance is defined as the ratio of the equilibrium 
magnetisation and the strength of the magnetic field that brought it about [1]: 
M0 = xo Bo . (2.15) 
The magnetisation, M0 = M, describes the equilibrium state of the sample but is not 
obsevable as a result of phase incoherence. 
In order to observe an NMR signal, the bulk magnetisation has to be "tipped" away 
from the z-axis to give rise to an oscillating r.f. field in an x,y plane. The "tipping" is 
equivalent to inducing a transition in the spin system and is achieved by applying an 
r.f. pulse in the x,y plane. 
2.6 The effect of an R.F. pulse 
In an NMR spectrometer a measurable magnetisation is induced by applying linearly 
polarised (rotating) r.f. wave B 1 (t) in the x,y-plane. This is done through a small coil 
placed close to the sample space. 
When an additional magnetic field is switched on, the total field experienced by nuclei 
becomes B(t) = B 0 +B1 (L). The effect is that the dipole, as well as precessing around 
B0, will be experiencing an additional precession (nutation) around B i (t). 
In a frame of reference rotating with its frequency v 1 the r.f field will appear static 
and B0 will appear reduced to (2.12) Br ot = B0 - 21rv1 /7. The magnetisation will 
therefore precess around the effective static field B ejj = Brat + B 1 with magnitude of 
field Bjj = I(Bo - 2irvi/y) 2  + BI2 and direction tilted towards B 1 by the angle 9, 




27r(v0 - 111) 




Figure 2.5: Precession of magnetisation around the effective field Bjj. a) 
The case with any i'1 frequency, the effect of 13 1 on B eff is exaggerated; the angle 8 is 
defined in equation (2.16). b) Under the resonance condition. The angle c(t) through 
which the magnetisation rotates during the pulse is indicated. 
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Since in the typical spectrometer the strength of the applied r.f. field is much lower 
than B0 , the achievable angle, 9, and magnitude of the measurable magnetisation, 
outside the resonance condition will be very small. This is where the resonance 
properties of the nuclear transitions are essential. When the frequency of the field B 1 
becomes resonant with a spin transition (Larmor frequency (2.6)), the contribution 
from B 0 to the effective field in the rotating frame vanishes (Bjj = B 1 ) and the 
magnetisation precesses purely around the r.f. field. 
The field B 1 is typically introduced only in short ps-ms pulses. Depending on the 
duration, t i,, and strength of the applied field, the angle a by which magnetisation will 
travel from its original position, referred to as the flip angle, is 
a = yB1 t. 	 (2.17) 
These pulses are typically applied in the x,y plane in either of four perpendicular 
directions. By far the most commonly used flip angles are 90° and 180°; e.g. a 90° 
pulse tilts magnetisation from M to The removal of z magnetisation by a 90° 
pulse is equivalent to equalising the populations of a and 0 states. For magnetisation 
to appear in the x,y plane, a coherence must be introduced between the phases of the 
individual precessing dipoles, otherwise the transverse magnetisation would still sum to 
zero. The introduction of coherence is a general function of pulses; some coherences (see 
section 2.8.4) cannot be visualised as magnetisation vectors. A 180° pulse changes the 
sign of M 2 magnetisation, which is equivalent to inverting the populations. Obviously, 
there is no effect from a field applied in the direction of the magnetisation vector as it 
cannot induce a torque. 
Depending on the strength of the field, B 1 , more or less spins with neighbouring 
resonance frequencies will be excited. A non-selective pulse has a strength B 1 >> 
(B0 - 27rv/-y) where i represents the frequency furthest away from v0 . Conversely a 
selective pulse has to have sufficiently low energy to excite spins only within a desired 
spectral window. In some experiments an off-resonance effect - magnetisation travel-
ling by the flip angle around the tilted effective field, has to be taken into account for 
spins at the edge of the excitation window. 
After the B 1 field had been switched off the magnetisation vector M will not be 
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Figure 2.6: The precession of transverse magnetisation. The r.f. pulse brings 
the individual magnetic moments into coherence making the bunch precess together 
and therefore add up to a measurable M away from z axis. A 900  pulse will also remove 
the population difference between a and /3 states, pointing M into the x,y plane as 
shown. 
parallel to B 0 any more. Magnetisation away from the z-axis will arise due to the 
magnetic dipoles precessing around B 0 in a coherent manner (see figure 2.6) adding 
up to a non-zero vector in the x,y plane. Transverse (relative to B o ) magnetisation 
will consequently precess around the static field. The coil, which was used to pulse the 
sample, will now be subject to a time dependent magnetic field and an electric current 
will be generated within it. This current, referred to as free induction decay (FID), is 
the NMR signal responsible for a spectral line at the Larmor frequency. 
2.7 Phenomenological description of relaxation 
Relaxation processes are encountered in all kinds of NMR experiments. Sometimes 
their rate dictates that a particular experiment cannot be performed because all of the 
useful signal would dissipate before it could be measured. They can also be useful, 
however, and in this project have been used to monitor the internal motions of the 
proteins studied in chapter 6. 
CHAPTER 2. BASIC THEORY OF NUCLEAR MAGNETIC RESONANCE 34 
2.7.1 Longitudinal relaxation, T1 
After the radio-frequency pulse, the spin system relaxes back to thermal equilibrium, 
dissipating its energy to surrounding matter. Longitudinal or spin-lattice relaxation is 
the process of spins returning to the equilibrium population excess at the lower energy 
level. This is equivalent to the M returning back to its steady-state value, M 0 , with 




The magnetisation M recovers to M 0 exponentially (_e_t1T1).  R 1 = T 1 is a rate 
constant describing this relaxation. 
The relaxation rate depends upon the spin of the nucleus and the character of the 
surrounding matter including the strength of dipolar interaction and scalar coupling, 
anisotropy of shielding and paramagnetism due to unpaired electrons. For nuclei with 
spins 1 the most important of these factors is the dipolar coupling. Any spin in a 
molecule generates a local magnetic field proportional to its magnetic dipole moment. 
The dipolar coupling depends on the mutual orientation of the dipoles. Since the 
dipoles align themselves with the magnetic field, B 0 , any rotational motion will cause 
the local field to fluctuate constituting a mechanism for relaxation. If these fluctuating 
fields are perpendicular to B 0 and have components at the appropriate frequency, they 
can (as can an r.f. pulse) induce nuclear spin transitions. The anisotropy of shielding 
(often referred to as chemical shift anisotropy, CSA) is the next most important mech-
anism of the relaxation for spins. A nucleus with a spin greater than may have a 
quadrupole moment; the interaction of the quadrupole moment with the surrounding 
nuclei typically leads to more efficient relaxation than the dipolar coupling. 
The frequency of the fluctuations of the local field is connected to the types of motion 
that the nuclei undergo. Vibrational motions do not cause appreciable relaxation as 
their frequency is too high to be in resonance with the spin transition. However the 
Brownian rotations of the molecules (tumbling) generate fields within the right range 
of frequencies. The efficiency of the longitudinal relaxation depends on the frequency 
of the rotations , i.e. the rotational correlation time r, and therefore on the size and 
shape of the molecule. 
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2.7.2 Transverse relaxation, T2 
Transverse magnetisation is created when the nuclear dipoles are precessing around 
the surface of a cone with phase coherence adding up into a positive vector sum in the 
transverse (x,y) plane (see figure 2.6). The precessional motion of this magnetisation 
is influenced by the fluctuating internal magnetic field arising from the surrounding 
nuclei. The components of the local fluctuating field which are parallel to B 0 slightly 
alter the effective external field felt by a nucleus and consequently change the frequency 
of the spin transition or of the precession of individual nuclei and in effect dephase the 
bunch of dipoles, pi. As is their vector sum the dephasing causes it to tend to 
zero. 
dM - 	 dM - 	 ( 2.19) an 
dtT2 	
d 	
dt 	T2 ' 
where T2 is the characteristic time of the reduction of the transverse magnetisation 
components, which is called the transverse or spin-spin relaxation. The dephasing 
does not correspond to nuclei flipping back into low energy levels i.e. the energy of the 
system is unaffected. However as M x , y becomes smaller so does the induced signal in 
the receiver coil. 
As the transverse magnetisation can only exist when populations are out of equilibrium, 
but non-equilibrium levels can still exist when phase coherence is lost, T2 can never be 
greater than T1 . 
2.8 The interactions in a two spin system 
Nuclear spins can interact with each other. There are two major types of interaction. 
The spin-spin scalar coupling, J, is an interaction mediated via the electrons forming 
a chemical bond between two nuclei. As the nuclei can be thought of as magnetic 
dipoles a dipole-dipole interaction also arises between them. The latter interaction 
is not mediated by chemical bonds but will pertain between any neighbouring nuclei 
with non-zero spin. Dipolar coupling will be described further in section 2.8.2. The 
experimental part of this work concerns nuclei with spin I = and therefore further 
discussion will concentrate on this case. 
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2.8.1 Scalar spin-spin coupling 
An interaction, the energy of which is significantly smaller than the transition energy 
LE, can be described in terms of a small perturbation. Such an interaction is called 
a weak coupling in NMR. A weak coupling does not mix the spin states therefore a 
state of two interacting spins Is and S, (where 8, c can each take values a or /3) can be 
described in terms of each of the spins being in state a or 0: I8S,. The effect of such 
a coupling is to slightly change the energy levels available to a spin system according 
to the strength of the interaction. 
Two uncoupled spins I and S will have transition frequencies defined by the shielding 
and gyromagnetic ratio of each nucleus v1 = 7Bo (1 — aj)/27r and v -yBo(1 - as)/27r 
with a total unperturbed Hamiltonian: 
Wo = —yIBo — 7sSzBo 	 (2.20) 
and with four energy levels defined by the sum of the energies of the two nuclei: 
Eaa 	E_(—vi+vs), 
E = (+ vi — us), 	E 	(+vi + us). 	 (2.21) 
The spin-spin coupling adds an interaction component into the Hamiltonian 
(2.22) 
where A is a proportionality parameter. The effect of the interaction is to perturb 
these energy levels, so that for a two spin system 
(1) E = h(—vi — vs + Jis12), 
(3) Ep = h(+vj — us — Jis12), 
(2) Ecyp = h(—vi + vs — Jis12), 
(4) E00 = h(+vi+vs+Jis/2). (2.23) 
The perturbed energy levels manifest in the allowed transitions (Am = ±1) as a 
splitting of a spectral line. Transitions (1) —* (3) and (2) —* (4) involve a change in 
the quantum number of spin I giving the resonance frequencies of: 
= vi — Jis12 	S is in state a 
V24 = vi + Jis12 	S is in state 0. 	 (2.24) 
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Figure 2.7: The effect of scalar coupling on energy levels. 
a) The isolated spins, their energy levels and corresponding spectral lines. b) The effect 
of a weak coupling on energies and frequencies of transitions in a two-spin system. 
Above the spectral lines for spin I transitions Sa, S ,3 indicate the state of spin S 
responsible for up/down field perturbation of vj frequency and I, 10 indicate state of 
spin I responsible for vs frequencies. The resonance frequency for any of the spins is 
much higher than the difference arising from the chemical shift, vi >1 vi - vs 1
, 
or the 
coupling. I Jis I. 
The transitions involving spin S: (1) -+ (2) and (3) -* (4) have two split lines defined 
by the state of I-spin cx or 3 respectively (see figure 2.7), and are described by similar 
equations. The population levels and therefore the intensities of the transitions are 
also perturbed by the interaction. The intensity of the inner lines is proportional to 
1 + Jis /(v i - us), and of the outer to 1 - Jis/(ui - us). 
The above picture of perturbation does not hold for strong couplings. Strong couplings 
have energies comparable with the separation of the spin states I v r - vsl due to their 
chemical shift and completely redesign the energy picture of the system. The descrip-
tion in terms of af3 eigenstates of spins I and S does not hold any more and linear 
combinations of such states have to be invoked. From the point of view of NMR the 
main difference is the change of the positions of spectral lines and modification of their 
intensities [47, 25], see figure (2.8). 
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Figure 2.8: The effect of strong coupling on spectral lines. 
a) With an interaction stronger than the weak coupling limit the spectral lines are 
symmetrically positioned, not around the positions dictated by chemical shift, but 
around points separated by c = ./J2 + _( vi - vs) 2 . The intensity of the inner lines is 
proportional to 1 + sin (f/c), and of the outer to 1 - sin (J/c). b) In the strong-coupling 
limit, sin(J/c) = 1 and the outer lines vanish while the two central lines join at the 
frequency, v = (vi + v)12. 
2.8.2 The dipolar coupling 
The importance of dipolar coupling is two-fold. Firstly as already mentioned dipolar 
coupling is a major mechanism of relaxation. Secondly, it can be used as a structural 
restraint. The structural information derived from the dipolar couplings is unique 
in that it not only depends on the distance between the nuclei but also reflects the 
orientation in the magnetic field of the vectors connecting nuclei. Since this holds for 
all of the nuclei in a molecule the mutual orientation of such connecting vectors can 
be defined (e.g. orientation of amide N-H vectors of the backbone). 
Electromagnetic theory demands that the potential energy of interaction between two 
nuclei i and s with a non-zero spin and therefore a magnetic dipole moment 1A, is given 
by 
ho It s 	3( 	. rjs)(p5 	 (2.25) 
. r) , 
=-{ 3 - 
 4ir 	r5 is 
where ho  is the magnetic permeability of vacuum. 
Since the magnetic moment is the result of a nucleus possessing a spin (2.3) the equation 
(2.25) can be rewritten in terms of spin operators. Working in Cartesian coordinates 
and taking into account the definition of rising and lowering product operators (2.8.4) 
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the Hamiltonian defining energies of the system is given by: 
	
71dip = 	7flshr 	/j { 	Y (31S, - I-S)  + 
- Y_ 21(IS_+I_S) + Y?(IS++I+S) + Y 2 I_S_ + YIS }(2.26) 
where y2  denotes second order spherical harmonics. 
It can be seen upon inspection of equation (2.26) that the term multiplied by Y 
resembles the expression for weak spin-spin coupling (2.22). In fact this term is all 
that remains of '/ldip when dipolar couplings fall within Edip << LE limit. According to 
equation (2.25) the maximum energy of interaction between two protons is io /4irr3 
with the magnetic moment of a proton ,z 7, = 1.521 x 10_26  JT 1 and taking the distance 
between nuclei r = 3 A: Ed 4.5 x 10 J, while the energy level separation for a 
proton is AE x 10-25  J (2.6). The Edip  is therefore four orders of magnitude smaller 
than AE. This proves that a perturbation treatment is also applicable to the dipolar 
coupling and that dipolar couplings would appear in the spectrum as a splitting of the 
spectral lines or increase in line separation if spin-spin scalar coupling is also present. 
The application of perturbation theory leads to a simplified Hamiltonian 
[50]: 
dip = —yiyshr 3 [ IS - (IS_ 	+ I_St )] 
( (
3cos2 - 1) )mot, 	(2.27) 
where '0 is the angle that the interconnecting vector r 5 makes with magnetic field B 0 , 
which defines the z axis and (.)mot  indicates the motional averaging. The dependency 
on 0 is a simple result of each of the magnetic dipoles orientating with the magnetic 
field. 
The residual dipolar coupling 
In liquid NMR proteins diffuse freely sampling a multitude of orientations. Given 
completely random Brownian motion the orientation dependent term in (2.27) vanishes 
and therefore no dipolar coupling can be observed for an ideally isotropic solution. If 
however molecules have a preferential ordering direction in the magnetic field, similar 
to that of the spontaneous orientation seen in liquid crystals, the directional term 
does not vanish and thus leads to observable residual dipolar coupling (RDC) [37]. 
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During anisotropic Brownian motion the probabilities of finding protein in different 
orientations are unequal resulting in an average alignment, described by the alignment 
tensor A (figure 2.9). The alignment tensor is defined by three principal axis XA, YA,  ZA 
and corresponding values IAI IAI < IAI that describe the degree of alignment 
in a particular direction (probability of finding an axis pointing in this direction); the 
assignment of ZA, YA, ZA axes is defined by the above relationship between magnitudes 
of A 2 . Full description of A involves five independent parameters: Aii and two angles 
defining the orientation of two of the iA  axes in a given molecular frame (the third axis 
is fixed by the orientation of the other two). The alignment tensor is closely related to 
the Saupe order matrix S [37, 103]. 




Figure 2.9: Definition of r 3 in the local frame. a) In molecular frame that rotates 
together with the molecule position of r 3 if fully defined. b) Under non-isotropic 
conditions a most probable orientation of the protein is defined by a tensor A. The 
orientation of rij in the A X X,AYY,AZZ frame is defined by angles 0 and 0. 
The way that the alignment is normally characterised is by the axial part A a and the 
rhornbicity A, of tensor A defined as: 
A A,, - 
1 
 [A 	
+ 	 A+A i 
- ZZ 
- 	 2 
A r = (A 	A) / [A 
- 	
2 	 (2.28) 
The transformation to the alignment tensor frame allows the description of the residual 
dipolar coupling (2.27) in terms of the orientation of rij in the principal axes of A, 
and of the properties of A itself. Using spherical coordinates to describe na: 
71/27r = C2 Aa  [(3cos2 O —1) + Ar sin  2o  cos 2q I 	(2.29) 
= Dij [(3 cos 2 O —1) + R sin  20  cos  2], 	 (2.30) 
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where 	is the residual dipolar coupling between nuclei i and j in Hz, and C is a 
constant dependent on the mechanism of alignment. The equation (2.30) describes the 
other common way of referring to the alignment tensor, where D f (in Hz) and R have 
the same tensorial meaning as A a and Ar, but subsume the constants: 	In this 
description the elements of the alignment tensor are IDI 	< D and Df 
and R are defined by an equation equivalent to (2.28). 
The form of angular dependency of the dipolar coupling (2.29) gives rise to ambiguity 
in how the orientation of a vector rij can be defined. Firstly the above equation is 
symmetrical in +0, meaning that if a molecule orients in a such way that any orientation 
in the xy plane is equally probable (A, ; .,= A) the rhombicity vanishes and the vector 
r 3 can point anywhere within a double cone circumscribed by a vector at an angle 0 
from ZA axis. Secondly, if there is rhombicity, it is usually < 0.4 [152] only slightly 
modulating the symmetry of the cones of the allowed positions, see figure (2.10). 
Figure 2.10: Definition of the orientation of r 3 by a residual dipolar coupling. 
To satisfy a dipolar coupling between nuclei i and j, a vector r 3 can lie anywhere on the 
surface of the double cone. The irregularity is the effect of rhombicity of the alignment. 
Since the dipolar couplings are proportional to r- 3  the RDCs of the closest (chemi-
cally bound) nuclei are stronger than for those further apart. The distance-dependency 
provides a method to reduce the complication of a liquid crystal spectrum with its mul-
titude of RDCs. A high resolution spectrum can be obtained if the degree of alignment 
is suitably weak to show only the strongest dipolar couplings. It has been experimen-
tally established that an optimal value of A a allowing avoidance of the proton-proton 
coupling complication is Aa 10 [152]. 
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Partial orientation of proteins in solution 
The earliest experiments in which residual dipolar couplings were measured utilised the 
natural ability of molecules to orientate when placed in magnetic field - the formation 
of a liquid crystal. The magnetic susceptibility, x, is in general a tensor, typically 
described by anisotropy Lx = Xz - (Xx + Xy) and asymmetry 6X Xx - Xy and it in 
fact defines an alignment tensor A with A a = Lx/(3 . Xo) and A r  = lXx xo), 
with Xo  defined by equation (2.15). Therefore in addition to the magnitude of steady-
state magnetisation (2.15) it also defines a preferential orientation of the molecule in a 
magnetic field. When the susceptibility is the source of orientation the proportionality 
constant in equation (2.29) is 
_ _ __
Bh  
- 6OkTir2 AX S, 	
(2.31) 
where S is the generalised order parameter [139] describing the attenuation due to fast 
fluctuation of distance rij (e.g. vibrational fluctuation of N-H bond). Since the RDC 
depends on B 2  it is possible to separate the RDC from scalar coupling by repeating 
the experiment with several magnetic fields. The susceptibility induced orientation is 
a significant effect for aromatic ring systems as was originally observed in solutions 
of small diamagnetic molecules e.g. in coronene DHH 0.5 Hz at 14.1 T [50]. For 
macromolecules the effect is strong enough for molecules with paramagnetic centres 
like the haem group in cyanometmyoglobin [156] or DNA fragments, where stacking of 
nucleotide rings causes anisotropy to add up and provides substantial orientation for 
the whole of the molecule [93]. In fact, DNA fragments orientate strongly enough to 
orientate protein domains bound to them [154]. 
It is also possible to artificially orientate samples of proteins whose natural LX is 
negligible by submerging them in a strongly orientating liquid crystalline solution. In 
such a solution it is possible to tune the degree of alignment to the most favourable 
regime A a iO by diluting the liquid crystal. 
This technique has been originally applied to the study of membrane-bound polypep-
tides [137]. The peptides were dissolved in a solution of two types of phospholipids, 
one with long fatty acids spontaneously forming bilayers that the hydrophobic polypep-
tides intercalate, and other with short fatty acids. The shorter phospholipids act as 
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detergent breaking up the bilayers into discoid fragments called bicelles, with the de-
tergent protecting the hydrophobic edge. The thickness of such a structure constructed 
from di-myristoyl phosphatidyl choline (DMPC) and di-hexanoyl phosphatidyl choline 
(DHPC) is 40 A and the diameter can be altered between 40 and several hundred A by 
providing different ratios of the two lipids [164]. From the point of view of the current 
study, an important property of bicelles is that in a magnetic field they undergo a 
temperature-induced phase transition and form a birefringent, nematic liquid crystal 
aligning with fiat surfaces parallel to the field [118]. The original work on peptides 
was done either with the high detergent ratio so that the bilayers formed a symmetric 
ball (micelle) and therefore could not undergo a phase transition, or with concentrated 
solution of bicelles using the liquid crystal NMR techniques. It proved to be possi-
ble however to dilute the the bicelles down to 3-5 % w/v solutions which provided 
the preferable degree of alignment for medium sized proteins, allowing advantage to 
be taken of high resolution NMR spectra [152, 150]. In such a bicellar solution, the 
distances between individual discs are much larger than the dimensions of the protein 
being studied and a small degree of alignment is introduced simply by proteins colliding 
with the surfaces of the discs. This mechanism of alignment defines the proportionality 
constant in the definition of the residual coupling (2.29) as: 
po h 
C = ---S. 
1670 
(2.32) 
However bicelles at a concentration required for protein studies are relatively unstable, 
having narrow ranges of temperature and pH where stability may be achieved. The 
presence of the protein itself, particularly one with a charged surface, may cause bicelle 
destabilisation. Improvements to the composition of the bicelles have been proposed to 
alleviate these problems. Doping the bicelle solution with charged amphiphiles CTAB 
(hexadecyl(cetyl)trimethylammonium bromide) or SDS (sodium dodecyl sulfate) has 
helped to prevent some charged proteins from disrupting the bicelle surface and also 
extended the temperature-range of the orientated phase [104]. A different composi-
tion of bicelles using di-lauroyl phosphatidyl choline (DLPC) and detergent CHAPSO 
(3-(chloramidopropyl) dimethylammonio-2-hydroxyl-1-propane sulfonate) lowered the 
temperature of the phase transition from 30° to 12° C [166], while a mixture of 
CHAPSO and lipid DIODPC (1 ,2-di-O-dodecyl-sn-glycero-3-phosphocholi ne) improved 
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the stability and temperature range of the orientated phase [24]. Finally the long term 
stability of bicelle solutions was improved by replacing the original lipids, in which 
the aliphatic chains and glycerol head were joined by an ester bond, with hydrolysis-
resistant ether bound counterparts [119]. 
In the 1960s the ability to form nematic liquid crystals by the Tobacco Mosaic virus 
(TMV) [46] was discovered. Later it was established that most rod-shaped viruses 
also form such a phase. The filamentous phages appear to be the most promising [28]. 
They have an extremely elongated shape with diameter of 60 A and length of 10,000 - 
20,000 A. The coat proteins form an a-helical structure running roughly parallel to the 
phage's long axis, and forming a repeating network of carbonyl groups - this is believed 
to be the source of their high anisotropy of magnetic susceptibility and alignment in 
a magnetic field [54]. The phages align with their long axis parallel to the magnetic 
field. The studied proteins are believed to orientate in a suspension of the phage by 
steric interaction, as with bicelles, and by electrostatic interaction depending on the 
surface charge distribution of the protein [28]. 
Other orientated solutions, water based and allowing use of salt and buffers, have also 
been tried out. Some of them are: 
- Mixture of cetylpyridinium chloride [129] or bromide [11], with hexanol in brine. The 
orientated system forms lamellae along the magnetic field. 
- Suspension of purple membrane fragments containing bacteriorhodopsin that has a 
high anisotropy of magnetic susceptibility [81, 138]. 
- Suspension of cellulose crystallites. The selected crystallites are about 2 x 10 A long 
and 100 A wide, aligning with their long axes perpendicular to the magnetic field [45]. 
- Mixture of n-alkyl-poly(ethylene glycol) and n-alkyl alcohol in water [134]. Hy-
drophobic n-alkyl chains and hydrophilic PEG headgroups cause n-alkyl-PEG to ag-
gregate forming bilayers stacked together presumably forming concentric tubes in the 
NMR tube. n-Alkyl alcohols are added to stabilise bilayers at low concentrations and 
temperatures. 
- Polyacrylamide gels with the alignment achieved in either of two perpendicular direc-
tions by applying radial or vertical compression in the NMR sample, or by embedding 
of purple membrane fragments [161]. Gels are cast to the cylinder shape and dried, 
with protein introduced later in an aqueous solution used for swelling. Compression is 
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applied either by the tube plunger (vertical) or by swelling in an NMR tube of smaller 
diameter than that of the original mould. 
The development of many different orientation media was driven by the low stability of 
the diluted liquid crystalline solutions, which made it necessary to look for a different 
medium for virtually every protein. Another reason was to reduce the ambiguity of the 
residual dipolar coupling derived bond orientations. Since each dipolar coupling defines 
a double, skewed cone, changing the alignment narrows possible solutions to the cross-
section of the cones. Furthermore, the greater the difference of the orientation between 
two media [130], the further ambiguity is reduced. Either different solutions can be 
applied, or bicelles can be flipped by 900  if doped with paramagnetic lanthanide ions, 
which have far greater anisotropy of the magnetic susceptibility than do diamagnetic 
bicelles. Finally, if five orientational restraints can be measured for a rigid and well 
defined fragment of a structure then its orientation in the molecular frame can be 
explicitly calculated [103] as in an approach used in the solid state NMR of proteins 
embedded in orientated bilayers [73]. 
2.8.3 The nuclear Overhauser effect 
The nuclear Overhauser effect (NOE) can be detected between two spins that have 
an appreciable dipolar interaction. Consider two spin-! nuclei I and 5, resonating 
at frequencies v1 and vs with no scalar coupling, i.e. Jis = 0, but with a dipolar 
interaction. The S-spin transitions are saturated by applying a selective r.f. field at 
Vs during the preparation period of the experiment. The saturation has not only the 
effect of removing any NMR signal arising from S but it also affects the intensity of the 
I-spin signal. The perturbation of the I-spin signal is called the nuclear Overhauser 
enhancement or effect (NOE). 
The origin of the NOE can be explained by considering the energy level scheme for 
a pair of dipolar coupled spin-! i nuclei I and S. At thermal equilibrium without satu-
ration, the levels are populated according to a Boltzmann distribution with an excess 
2 (2.10) across any of the Am + 1 transitions. The 26 is chosen here purely for con-
venience, as the excesses have to be thought of in terms of the entire interacting spin 
system. Ignoring chemical shift differences, the al/3s and 13ics states have the same 
CHAPTER 2. BASIC THEORY OF NUCLEAR MAGNETIC RESONANCE 46 
energy leading to the distribution as in figure (2.11a). 
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Figure 2.11: Energy level scheme for a two-spin system with Jis = 0. The 
excess distribution in a two spin system at equilibrium a) and b) with the S-spin sat-
uration. a) The probabilities W for the six allowed relaxation transitions are shown. 
W 1 correspond to single quantum transitions, while WS  corresponds to a zero quan-
tum transition and WS  to a double quantum transition. b) Thick arrows indicate the 
saturated transitions; across these transitions populations of S-spins are made equal. 
The four single quantum transitions, with probabilities W 1 , can be induced by an r.f. 
wave or can relax due to the spin-lattice relaxation processes (longitudinal relaxation, 
T 1 ). WS  and  WS  indicate the probability of the spin system relaxing via a double 
or a zero quantum transition with Am =2 or 0 respectively. The transitions with 
Lm +1 are forbidden as they cannot be excited by r.f. radiation and are not 
observable in NMR. However once a system is disturbed both of these can be active in 
relaxation, and are known as cross-relaxation between I and S spins. 
When the S transitions are saturated, the energy level populations of the as and 13s 
states are equalised. The saturation of S-spin transitions means that the excess as 
population responsible for the NMR signal is abolished, that is P(ciias) = P(cij05) 
and P(131 cis) = P(8i/3s) populations are equalised (figure 2.11b). This is a non-
equilibrium state and during saturation of S transitions the relaxation processes are 
activated. 
The W 1 pathways are not available to S relaxation as they are being saturated, so 
S can only relax via cross-relaxation to I. If the only relaxation pathway was the 
WS cross-relaxation process, the populations of the al/3s  and /3jcis states would be 
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restored to their equilibrium values of 1 + 26, and the population difference across the 
I transition would be approximately 8, half of the original. Therefore the intensity of 
the I resonance would be reduced. Likewise if the WS  pathway only was available, the 
equilibrium populations 1 + 48 and 1 of the oqas and 13 if3 s states respectively would 
be restored. As indicated in figure (2.12), this would leave the population difference 
between the I transitions approximately 38 and so the intensity of I would be increased. 
The combination of these two opposing relaxation mechanisms determines the change 
in the signal intensity observed as the nuclear Overhauser effect. Whether the intensity 
of I is increased or decreased depends on the magnitudes of the contributions from WS 
or WS. 
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Figure 2.12: Changes in spin-state populations during relaxation in an NOE 
experiment. The changes in the population differences across the I transitions when 
S transitions are saturated; a) zero quantum relaxation is predominant and b) double 
quantum dominates (28 = 
The predominance of the W2 or the W 0 relaxation mechanism depends on the rota-
tional correlation time r of the molecule. That is W 2 predominates in small molecules 
with short correlation times, and W0 has a larger effect in macromolecules with long 
correlation times. There is an intermediate regime where the effect of these two path-
ways cancel at a correlation time, 27rvo e.g. for some oligosacch arid es at 500-600 
MHz field where no NOE effect can be observed. Differences in the predominance of 
the relaxation path are due to the fact that for the double quantum transition to oc-
cur the "lattice" must support fluctuating magnetic fields with high frequencies close 
to the sum of the resonance frequencies v1 + vs, whereas much lower frequencies are 
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needed for the zero quantum transition. Because of the dependency on v the NOE 
signal amplification depends on the magnetic field strength. 
The enhancement caused by the nuclear Overhauser effect is described by the parameter 
ij. When 27rvoTc  << 1, known as the extreme narrowing limit, the maximum NOE effect 





where -y is the gyromagnetic ratio of the nuclei I and S. When 27vor >> 1, in the slow 





It can also be defined in terms of fractional change in the intensity, I, of spin I when 
spin S is saturated, 
1— 10 
	
fj{S} = = In 	 (2.35) 
where 10 is the intensity of I signal without the enhancement. 
The nuclear Overhauser effect as described above is referred to as a steady state NOE 
and is applicable to the heteronuclear NOE experiment described in chapter 6. For 
ease of use in the steady state NOE a parameter 
1 + f,{S} = 
I
- 	 (2.36) 
In 
is used and referred to simply as NOE. 
Transient NOE experiments are performed to obtain the distance relationships between 
protons. They are implemented in 1D,21) and occasionally in 3D forms. 2D NOESY 
(NOE SpectroscopY) is a powerful way of exploiting the NOE and is almost vital 
in structural studies of large biomolecules. In this experiment the phase coherence 
of a group of spins, precessing at one frequency during a period t 1 , is transferred 
into non-equilibrium by a mixing pulse, rather than by continuous saturation. After 
the pulse the coherence migrates via the cross-relaxation mechanism to neighbouring 
spins during a period known as the mixing time (tm ). As the dipole-dipole relaxation 
mechanism is the most common source of cross-relaxation, the distance relationship 
obtained in NOESY experiments is derived from the dipolar coupling's dependency on 
the distance between two spins. The local fluctuating field B, invoked by the magnetic 
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moment jii is proportional to the (r 3 ) of the distance from p. As the relaxation rate 
attributed to the dipolar mechanism is proportional to the square of the fluctuating 
field the relaxation rate of dipolar coupled nuclei j is therefore inversely proportional 
to the sixth power of the internuclear distances i.e. (r 3 ) 2 . 
2.8.4 The coherences of two spin system 
Coherency describes a superposition of phase coherent transitions in a spin system. 
Some coherences give rise to an NMR signal. Quantum mechanics describes the fate 
of coherences in terms of the spin density operator &. However for the purposes of 
description of pulse NMR of weakly coupled spin-i systems, a more straightforward 
description is based on product operators formalism. The density operator can be ex-
pressed as the sum of product operators multiplied by their expectation values. Product 
operators describe the longitudinal magnetisation of the I and S spins and the single 
quantum coherences which correspond to transverse magnetisation However 
because the nuclei interact, all of their products must be included together with zero 
and double quantum coherences - hence the name "product operator". The processes, 
other than relaxation, a spin system is undergoing can be expressed using Hamiltonians 
proportional to product operators. The space of product operators comprises of: 
the identity operator 
I, S 	 longitudinal magnetisation describing polarisation of spins 
2IS longitudinal 2-spin order 
I, Ia,,, S, S q,, 	 transverse single quantum coherences 
equivalent of vector model of transverse magnetisation 
2IS, 2IS 	 coherence transverse in I and antiphase in S 
2IS, 212 S coherence transverse in S and antiphase in I 
2IS, 2IS, 21S, 2IS combine to give zero- and double-quantum coherences 
The meaning of a coherence antiphase in I can be explained in a vector model as a pair 
of antiparallel vectors in the x,y plane describing the magnetisation of spin I depending 
on coupled spin S being in the a or 0 state. The antiphase magnetisation comes about 
because the frequency of the transition Ic. -* 16 is perturbed by ±Jis/2 according to S 
being in the a or /3 state. Therefore in a frame rotating with vi , the vector describing 
I magnetisation coupled to S ,3 will precess in a positive direction, while that coupled 
to S in a negative. After evolution time 1/J, each of these vectors would rotate by 
900 and form an antiphase magnetisation, see figure (2.13). 
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Figure 2.13: The vector representation of evolution of antiphase magnetisa-
tion. Evolution of magnetisation of spin I is labelled according to which state of S it 
is connected to. 
The excitation I. —* Ip and corresponding emission are represented by rising 1+ and 
lowering I_ operators which can be expressed in terms of the product operators 
1+ = —(I, + iI)/./, 	I_ = (I — 	 (2.37) 
Quantum mechanics and the form of interaction Hamiltonian dictate commutation 
properties for product operators, i.e. which operators can interact with which. Here 
only the effect of those of use to further discussion is presented. 
The evolution of a chemical shift is represented by the Hamiltonian: 
71 =  Qilz- 	 (2.38) 
The effect of this Hamiltonian is magnetisation travelling through an angle, a = Q,te , 
in the x,y plane over a period of evolution te. Therefore for each a of 90° degree, 
coherence is transferred along the path : (I —* I, —+ —I — —+ I'). A period 
of this evolution labels a spin with chemical shift, i.e. shows the chemical shift in the 
spectrum. 
When a spin is subject to a resonant r.f. pulse, the instantaneous Hamiltonians for 
pulses from the x and y directions are 
= /3I 	or 	7-1 = I3I 	 (2.39) 
and the spin rotates through angle a = 	t in y,z (I —* —J,, —* _I —* I, —* I) or 
x,z (I —* I —* —I —* —I —+ I) planes respectively; this is equivalent to rotation of 
magnetisation as shown in figure (2.5b). 
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The effect of a spin coupling is an evolution from in-phase to anti-phase magnetisation 
described by a Hamiltonian 
= 27rJj8I . S, weak coupling = 7-1 = 7rJJs2IS. 	(2.40) 
Under strong coupling all three terms survive, however under weak coupling, which is 
of interest here, only 2IS2 needs to be considered. Depending on the initial state the 
magnetisation evolves as (I -* I,S. -* -I -* -21S -* I) and (I,, -* -IS - ~ 
-* 211 S. -* Ii,,). The effect of the Hamiltonian over the evolution time is to rotate 
operators in the planes defined by ±I, +IS and +I,,, +IS by angle a = 7rJIste 
giving, for a 90° rotation, t e = 1/(2Jj), and for a 180° rotation t e = 1/Jis. 
Since all of the above Hamiltonians are equivalent to rotations in a plane in the product 
operator space an arbitrary angle rotation can be written as: 
Start-Coherence -* [Start-Coherence] cos(a) + [End-Coherence] sin(ce). 	(2.41) 
Because the pulses are very short compared with other processes, especially the re-
laxation, quantum mechanics allows us to combine them as a series of Hamiltonians 
acting one after another. Also, as the relevant Hamiltonians do not interfere with each 
other (commute), the full evolution of a system of coupled spins with active Q1, Q 
and Jj5 can be split into separate evolutions in an arbitrary order. Because the pulse 
Hamiltonian does not commute with the evolution Hamiltonians, pulses have to be 
included in the calculation at the point at which they actually occur. 
Chapter 3 
Sample preparation 
3.1 Protein purification 
The VCP samples produced by Alan Wiles (VCP:3,4) and Cohn Henderson (VCP:2,3) 
required further purification. The presence of proteases as trace contaminants in the 
solution caused gradual degradation of the proteins. The presence of partially un-
folded or degraded forms would interfere with relaxation and residual dipolar coupling 
measurements. 
3.1.1 VCP:3,4 purification steps 
The 15 N-labeled VCP:3,4 sample had been prepared more that two years before current 
experiments and some of the protein had decayed. An inspection of an HSQC spectrum 
(black contours in figure 3.2) acquired on the original sample showed a substantial 
amount of degradation products in the form of short peptides and unfolded protein. 
Also, the doubling and broadening of some cross-peaks indicated that the solution 
contained more than one folded species, with intermediate or slow interconversion 
between them. A purification was therefore performed. The following procedure was 
devised with the help of Dr. Joanne O'Leary, based on the published method for 
high performance liquid chromatography (HPLC) reverse-phase (RP) purification of 
VCP:3,4 [169]. 
The sample (originally of about 2 mM concentration) was diluted to a volume of 1 
mL and applied in 200 L batches to an RP C4 column (Brownlee, "Aquapore") 
52 
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equilibrated with 0.1 % trifluoroacetic acid (TFA) in 90 % H 2 0 and 10 % acetonitrile. 
A gradient of acetonitrile containing 0.1 % TFA was linearly increased from 10 to 50 
% (v/v in water) over 30 min and from 50 to 90 % over the following 10 min at a flow 
rate of 1 mL/min. VCP:3,4 eluted in one peak at 20 mm. All of the protein eluted 
together without apparent separation of the species. 
A new method was therefore devised involving a cation-exchange FPLC (Pharmacia) 
column. The fractions containing protein, collected from the HPLC (above) were 
freeze-dried and redissolved in 100 mM sodium acetate buffer, pH 4.0. The protein was 
applied in three 0.5 mL aliquots to a Mono-S (Pharmacia) column that was equilibrated 
in the same buffer. A linear 0 - 0.5 M NaCl gradient was applied over 30 minutes at 0.5 
mL/min to allow for a good separation of species, followed by 0.5 - 1 M NaCl increase 
over 10 mill. The protein eluted in a major peak followed by two minor ones; the major 
eluted between 0.2 and 0.23 M NaCl and the two minor ones between 0.23 and 0.3 M 
NaCl (figure 3.1). The fractions corresponding to A and B in figure (3.1) were collected 
and kept separately. These purification steps were followed by two protease-inhibitor 
phenylmethylsulfonyl fluoride (PMSF) treatments (1M PMSF in dioxane was added 
to give a final concentration of 0.1 mM) to suppress any further protein degradation. 
The samples were then extensively buffer-exchanged and concentrated to 550 AL using 
a Vivaspin© centrifuge concentrator (Vivascience, 5 kDa cut-off), supplemented with 
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Figure 3.1: VCP:3,4 elution profile from Mono-S cation exchange column. 
The time is given from the start of gradient flow. Absorption was measured at 280 nm 
and is displayed in arbitrary units. Fractions A and B are as described in text. 
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A 1  H'N-E1SQ(' was acquired to assess ihe extent of removal of the degradation arti-
facts. The 0.2 - 0.23 M NaCl fraction (A) gave a clean spectrum, without the extra 
peaks and with low background in the central part of IISQ( spectrum (see figure 3.2). 
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Figure 3.2: HSQC-NH of VCP:3,4 The spectrum of two-year old VCP:3.4 acquired 
before the purification is contoured in black, t he spectrum of t he final, purified sample 
is contoured in blue. Both spectra are contoured at the noise level. The spectrum of 
repurifled sample shows low background in the central part, where resonances of the 
unfolded protein are found. Severa-1 extra cross-peaks are removed by the purification as 
are I he narrow cross-peaks representing signals from smaller peptides. The horizontal 
axis represents U chemical shift, and the vertical one ' 5 N chemical shift. both scaled 
ill ppni. 
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3.1.2 VCP:2,3 purification steps 
This sample was received in the form of a crude supernatant after expression in Pichia 
pastoris as described in [58, 76]. Further purification was based on the heparin-binding 
properties of VCP [147]. 
The method was adapted from that of Mr. Andrew Herbert (University of Edinburgh) 
as used by him for VCP:2-4. Supernatant in 2.5 mL volumes was desalted by applica-
tion to PD-10 (Pharmacia) gel-filtration column and eluted in 3.5 mL volumes. The 
eluant was then loaded in 2.0 ml, batches onto the heparin (Hi-Trap Heparin, Phar-
macia, 1 mL) column that had been previously equilibrated in pure water. A linear 
gradient of 0 - 0.5 M NaCl in 20 mM phosphate buffer, pH 7, was applied at a rate of 
2 mL/miri, over 5 mm. Protein eluted between 0.1 - 0.175 M NaCl in two peaks which 
did not resolve and were not collected as discrete fractions. 
Therefore the method was modified to include a gentler gradient reaching 0.5 M NaCl 
in 10 mm (flow of 1 mL/min). This gradient sufficiently resolved the two peaks of the 







0 	 2.5 	5 
Figure 3.3: VCP:2,3 elution profile from a Hi-Trap Heparin column. The 
time is given from the start of gradient flow. Absorption was measured at 280 nm and 
is displayed in arbitrary units. Fractions A and B are as described in text. 
SDS/PAGE analysis (figure 3.4) showed that the earlier eluting fraction contained one 
band corresponding to about 16 kDa, while the later one contained two species with 
molecular weights of about 16 kDa and 25 kDa. The contamination from overalap 
of elution profiles of A and B was not detected. The expected mass of VCP:2,3 was 
ç_ 0% 
7.5 mm 
CHAPTER 3. SAMPLE PREPARATION 	 56 
confirmed by mass-spectroscopy as 13.582 kDa (including the cloning artifact EAEEIK 
at the N-terminus). It was noted however that both full-length VCP [86] and this 
construct [58] run anomalously high on the SDS/PAGE with VCP:2,3. 
(B) 	(A) 	(M) 
- - 	175 
- 	83 
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Figure 3.1: SDS/PAGE analysis of VCP:2,3. (B) Two species fraction. Corre-
sponding to fraction B in the elution profile. (A) The line with pure product.. Corre-
sponding to fractions grouped as A in elution profile. (M) Molecular weight markers 
[kDa]. 
The fraction that gave a single band at 16 kDa was selected for NMR experiments, 
while the other was frozen for possible future further purification. The NMR sample 
was then treated twice with PMSF within a, two hour period, as described for VCP:3,4, 
extensively buffer-exchanged and concentrated in a Viva.spin® concentrator (cut-off 
5 kDa) to 550 aL. The final buffer was as used for previous studies of VCP:2,3: 10 
mM sodium phosphate at pH 6.6 in 95 % H 2 0/ 5% 2 H 2 0 v/v [59]. A 15 N-'H HSQC 
spectrum of this sample indicated that it contains folded VCP:2,3 of adequate purity 
(see figure 4.1). 
3.2 Preparation of liquid crystalline media 
3.2.1 	Bicelles 
Bicelles are discoid fragments of phospholipid membranes prepared from long-chain 
lipids that form the bilayer, and short-chain ones that act as a detergent protecting 
the edge of the disc. The main component of the bilayer is di-myristoyl phosphatidyl 
choline (DMP(') with the edge protected by di-hexanoyl phosphatidyl choline (DHPC). 
The size and curvature of the discoid fragments depends on the ratio of the two lipids. 
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At a molar ratio of around 3:1 DMPC:DHPC stable discoids have been obtained at 
low concentrations [164, 118]. 
The bicelles in this project were prepared according to the method first published by 
Ottiger and Bax [118]. The buffer for the bicelle and protein solution was that used 
for VCP:2,3 (10 mM sodium phosphate at pH 6.6 in 95 % H 2 0 / 5% 2 H2 0 v/v) 
which falls within the optimal range of pH for bicelle preparations. The water used 
was of HPLC purity. The stock of 15 % w/v lipid mixture was prepared as follows: 
DHPC and DMPC were weighed out in a dry atmosphere (this is important as DHPC 
is extremely hygroscopic). DHPC was dissolved in buffer to a concentration of 216 
mg/mL. To ensure a uniform solution, the preparation was vortexed, spun to remove 
bubbles and then gently agitated by tilting of the tube. Aliquots of 125 /2L of this 
solution and 875 pL of buffer were than added to 123 mg DMPC to give a final molar 
ratio of 3.06 DMPC:DHPC and 15 % w/v total lipid concentration. The DMPC does 
not easily dissolve in water, which is why it was dissolved in the solution of DHPC 
before being diluted to form the 15 % stock. This mixture was vortexed every few 
hours over a 24 h period. The suspension of lipids was then subjected to heating and 
cooling cycle between 5° C and 40° C. After two cycles, the mixture was observed to 
be transparent at low temperature and turned highly turbid ("milky") for short period 
of time before becoming translucent ("opalescent") at temperature above 38° C. This 
behaviour is characteristic of a stable bicelle solution, undergoing a phase transition 
into a nematic liquid crystal at 38° C. 
The stock solution was then diluted by adding a small volume of the buffer at a time, 
such as not to over-dilute the lipid concentration locally (over-dilution can result in 
lipid precipitation). The same procedure of vortexing, spinning and gentle mixing was 
applied to ensure a uniform solution. The concentrations of lipids tested were within 
the range suitable for working with proteins, 3 - 5 % w/v. A uniformly orientated 
sample of 5 % w/v lipid concentration was obtained at 38° C. The close to equal 
intensity of the 2 H spectral lines (figure 3.5) indicates that the sample consists of a 
single uniformly aligned phase. 
The actual composition and quality of the bicelle preparation can be investigated by 
inspecting a 31 P spectrum of the phosphate headgroups of the two lipids. The presence 
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Figure 3.5: 1D 211  spectrum of solvent deuterons in 5 % bicelle solution. 
The 2 H spectral line of the solvent deuterons, normally used to provide the electronic 
frequency lock, here is shown split by the residual quadrupolar coupling. The strength 
of the alignment is reflected in the splitting of the line. The horizontal axis represents 
2 H frequency in Hz. 
Figure 3.6: The 1D 31 P spectrum of the aligned bicelle solution at 38° C. 
The integral of the spectral lines is shown. The three lines in the spectrum correspond 
to phosphorus in: 0 ppm - phosphate buffer, -5.3 ppm DHPC , -12.4 ppm - DMPC. 
The spectrum was acquired without the frequency lock. 
of two broad lines shifted from the position of the isotropic phosphorus indicates that 
bicelles containing both DHPC (-5.3 ppm in figure 3.6) and DMPC (-12.4 ppm in 
figure 3.6) are formed [118]. The absence of a DHPC line would have been indicative 
of highly ordered DMPC forming membranous structures. The ratio of the integral 
intensities of the two spectral lines (3.13:1) corresponds to the actual ratio of the 
ordered DMPC:DHPC. This is slightly higher than the aimed for 3.06, however it has 
been noted that some DHPC can be expected to be found free in solution [118]. 
Figure 3.7 shows the splittings observed between the 2 H lines for bicelles at different 
concentrations. The linear dependency of the splitting on the lipid concentration con- 
firms high ordering of the bicelles down to a concentration of 3.5 % w/v of lipids. The 
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Figure 3.7: 2 H residual quadrupolar splitting of solvent deuterons vs lipid 
concentration. Plus signs indicate values from [12] with fitted linear regression in- 
dicated by the solid line. The squares represent 2 H splittings measured in this work. 
splittings measured in this work with lipids ratio of DMPC:DHPC 3.13:1 were higher 
than those observed with ratio 2.9:1 in [12]. The higher splittings observed in this work 
agree with the slightly increased size of the discoids due to the higher proportion of 
the DMPC present. 
A sample of 108 jL of VCP:2,3 at 1.5mM protein concentration and room temperature 
was added in 20 ML aliquots, to 217 iL of lipids solution at 7.5 % w/v concentration, 
placed in a thin walled Shigemi tube (which allows reduction of the volume of the NMR 
sample to 325 ML). The protein solution had been prepared in the same buffer as the 
bicelles. The immediate effect (about 2 min after adding the last aliquot of protein 
solution) was the formation of a precipitate at the bottom of the tube. Inspection of 
the 1D proton NMR spectrum showed that both lipid and protein had precipitated, 
since no protein signals could be observed. 
It was suggested that better mixing can be achieved at low temperatures (private 
communication from Dr. J. Boyd, Oxford, also [150]). The sample was therefore 
prepared by adding protein solution, one drop from a glass pipette at a time ( 10 ML), 
into a bicelle solution at 5° C containing 7.5 % w/v lipid, to give a final concentration 
5.0 % w/v lipids and 0.5 mM protein. This solution, however, failed to orient when 
temperature was increased to 37° C in the NMR spectrometer. An inspection of the 
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sample revealed that the solution had became milky white, without the transition 
into translucent aligned phase. This is indicative of the formation of bigger and not 
uniform fragments of bilayer [150]. The subsequent cooling and heating cycle also failed 
to orient the sample at any temperature up to 40° C. 
Since bicelles were readily prepared and stable in the same buffer as the protein, it was 
reasoned that destabilisation must have been caused by the interaction between protein 
and bicelles. VCP:2,3 has several positively charged patches on its surface and VCP is 
expected to interact with its natural target via electrostatic interactions. Therefore the 
reported stabilisation of bicelles upon addition of charged amphiphiles [104] was tested 
by doping the solution with CTAB - (hexadecyl(cetyl)trimethylammonium bromide) 
at CTAB:DMPC ratios of 1:60, 1:30 and 1:10. CTAB was used since it is positively 
charged, as is VCP at pH 6.6, and stabilisation appears to be due to prevention of 
the doped bicelles from interacting with protein. Small test volumes of pure bicelles 
prepared with CTAB went through the normal phase transition and appeared to be 
fully orientated at 37° C as judged by visual inspection (i.e. they became translu-
cent upon heating). However, doping of the protein and lipid solution with ratios of 
CTAB:DMPC 1:60, 1:30 and 1:10 did not bring about the desired effect. No detectable 
phase transitions were observed when a sample was cycled through heating and cooling 
steps. A subsequent attempt at making the fresh sample of a final concentration of 7 
% w/v lipids and from the beginning with 1:30 CTAB:DMPC ratio also failed. 
3.2.2 Cetylpyridinium chloride and hexanol in brine 
A mixture of cetylpyridinium chloride (CPC1, an anionic surfactant) and hexanol in 
brine has been demonstrated to exist in a variety of phases including a liquid crystal 
phase [127]. This liquid crystal is lyotropic, that is its formation and properties depend 
both on the concentration and the temperature of the solution. One-to-one (w/w) 
mixtures of CPC1 and hexanol in 0.2 M NaCl have shown to be stable from 0 to 70° 
C at the low concentrations (1 - 5 %) required for work with proteins. The ability 
to align samples of proteins using this system has been shown with human ubiquitin 
[129]. 
The most critical parameters in preparation of these liquid crystals are purity and 
CHAPTER 3. SAMPLE PREPARATION 	 61 
uniformity of mixing. CPC1 and hexanol were obtained from Fisher and water was 
of HPLC purity. The samples were prepared by adding 1:1 hexanol and CPCI to a 
concentration of 5 % w/v of the mixture, in 0.2 M NaCl solution. The sample was 
stirred and centrifuged multiple times and then sonicated in a closed tube and placed 
under the NMR magnet where the field is strong enough to orientate such preparation 
over 6-10 h [11]. Overnight this has formed a stable orientated phase as detected by 
polarised light. A similar mixture was then prepared with 10 mM phosphate buffer at 
pH 6.6 as required for the VCP:2,3 study, but this gave two phases. Despite repeating 
the procedure at higher temperature, as reported in [127], a two phase solution was 
formed, with no alignment detectable after being placed in the magnetic field overnight. 
Attempts to obtain an aligned sample using this particular system were abandoned as 
the phage alignment described in the next section was found to work. It should be 
noted that a system consisting of cetylpyridinium bromide / hexanol in NaBr solution 
has since been shown to be more stable and not require so high a concentration of salt 
[11, 52]. The solutions prepared using sodium phosphate buffer appeared to be stable. 
This system has been demonstrated to work with domain GB1 of protein G (third 
IgG-binding domain from streptococcal protein G) and could form a basis of future 
attempts at using this type of alignment system. 
3.2.3 M13 filamentous phage 
Various proteins and fragments of DNA have been successfully aligned using either 
Tobacco Mosaic Virus (TMV) [28] or filamentous phages [54, 28]. No detrimental 
effects of salt concentration, buffers or charged proteins on the alignment of the phages 
have been reported. However the interaction with the proteins is expected to be largely 
electrostatic, which could lead to the difficulty of very highly aligned protein, even at 
low concentration of the phage. An alignment using M13 belonging to the family 
of filamentous phages was attempted. The stock of wild type M13 was obtained from 
Prof. R. Hayward (University of Edinburgh) and the method of growth and purification 
adapted from that used for phage A [136] and (purification only) Pfl phage [54]. The 
Stratagene E. Coli XL-1-blue-MRF' pilus-producing strain was used for phage growth 
utilising tetracycline resistance for selectivity. The method resulted in 9 - 15 mg of 
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phage from 1 L of final growth medium over 12 - 15 hours. The concentration was 
established by the plaque assay (see final paragraph of protocol). 
M13 growth and purification protocol 
This protocol was used successfully for the production and purification of the fd phage, 
M13 wild type phage and M13mp18 type phage. M13 productivity was 0.9 mL of 
gradient purified phages at 3 - 8 .10 14  particle/mL per 1 L of growth. 
Phage production 
1.1) Preparation of phage and bacterial starting stocks. 
BBL (Baltimore Biological Laboratories, Trypticase) agar plates were treated with 
tetracycline (spread with 100 ,aL of 10 g/mL tetracycline stock solution) and streaked 
with frozen bacterial stock to produce single colonies after overnight (o/n) incubation 
at 37° C. An aliquot of 10 pL of 10-8  dilution of bacteriophage stock was used to infect 
the bacterial lawn. The lawn was prepared by pouring 3 mL of melted top BBL agar 
inoculated with 100 pL of bacterial stock onto the Luria broth (LB, DIFCO Tryptone) 
agar plate. Infection was carried overnight at 370  C. Subsequently an isolated plaque 
was used to inoculate 1 mL of LB while a single bacterial colony was used to inoculate 
5 mL of LB. Both were incubated at 37° C for 3 hours in a shaker at 80 rpm. 
1.2) Large scale growth 
Each of the 5 mL of bacterial cultures was mixed with 0.5 mL phage culture and added 
to 500 ml, of LB in 2 L flasks and incubated o/n (at least 13 hours) at 37° C in a 
shaker set to 180 rpm. 
Phage purification 
Sodium azide was added to each culture to a final concentration of 0.1 mM. 
2.1) Phage precipitation 
The culture was pelleted (5000 rpm, Sorval GS3 rotor, 10 mm, room temperature). 
The supernatant was decanted to a clean flask and 20 g of polyethyleneglycol (PEG) 
and 15 g of NaCl was added. The solution was then stirred for 60 min at room 
temperature and centrifuged (10000 rpm, Sorval GSA, 20 mm, 4° C). The supernatant 
was subsequently discarded and 30 mL TE buffer (10 mM Tris, 1 mM EDTA, pH 8) 
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added to the pellet from 1 L of original growth. Complete resuspension was achieved 
o/n using a shaker plate at 40  C. 
On the following day the solution was spun at 15000 rpm (Sorval SS-34) for 20 mill 
at 4° C. The supernatant was decanted to a clean flask and 7.5 mL 20 % w/v PEG 
2.5 M NaCl solution per 30 mL were added per 230 mL of supernatant. Homogeneous 
mixing was achieved by stirring on ice for 60 mm. The phage was then pelleted 
by centrifugation at 10000 rpm (Sorval GSA, 20 mm, 40  C). This final pellet was 
resuspended with 8 ml, of TE buffer per 1 L of original growth (shaken on ice for 3 
hours). 
2.2) Gradient purification. 
Purification of the phage preparation was achieved by CsCl gradient centrifugation. 
CsCl was added to the phage solution to a final concentration of 0.5 g/mL and cen-
trifuged at ultra high speed (90000 rpm, Sorval NVT90 fixed angle rotor) for 3 hours 
at 4° C. The well defined band containing phages was extracted using a large gauge 
needle. The CsC1 was removed from the solution by three steps of dialysis using 12000-
14000 Mw cut-off dialysis tubing; first against 5 mM sodium borate buffer, 0.5 M NaCl, 
0.1 mM sodium azide, pH 8.0, then twice against 5 mM sodium borate buffer, 0.1 mM 
sodium azide, pH 8.0. Each step was for at least 4 hours. 
2.3) Estimation of phage concentration and purity. 
The concentration was established from plaque assay, by spotting 10 pL of 10 10 , 
10"and 10_ 12 dilutions of purified bacteriophage and making several spots of each 
concentration on the bacterial lawn (prepared as before). Phage purity was estimated 
from DNA to protein absorbance ratio i.e. A 260 /A280 (the ratio for pure phage should 
be 1.1:1). 
Alignment of the samples containing M13 
The 2 H spectrum of the phage twice dialysed into 10 mM sodium phosphate pH 6.6 
buffer and concentrated (Vivaspin® concentrator, cut-off 15 kDa) to 23 mg/mL is 
shown in figure (3.8). It can be seen that the sample is uniformly aligned, as reflected 
in the close to identical intensity of the spectral lines. This concentration is similar 
to those used for work with other proteins [54]. Therefore it was chosen as an initial 
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concentration for work with VCP:2,3. 
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Figure 3.8: 1D 211  spectrum of solvent deuterons in 23 mg/mL suspension 
of M13. The splitting of the 2 H 2 0 line is 3.6 Hz. The horizontal axis represents 2 H 
frequency in Hz. 
The good quality alignment of the nematic phase achieved with 27 mg/mL of M13 in 
the presence of 0.3 mM VCP:2,3 can be seen in figure (3.9a). The IPAP spectrum 
(see chapter 4, page 76) of VCP:2,3 obtained from the same sample can be seen in 
figure (3.9b). The peaks in the IPAP spectrum are strongly broadened in the proton 
dimension. The cross-peaks' shapes are distorted to the point where it is difficult to 
find centres of cross-peaks and therefore the error made in measuring the coupling 
(separation of the pair of cross-peaks) is high and difficult to estimate. A few approx-
imate RDCs (the differences between the couplings measured in aligned and isotropic 
media) were however measured for the pairs of cross-peaks corresponding to residues 
indicated in figure (3.9). 
residue aligned (M13) isotropic difference 
NH + RDC [Hz] J ,, [Hz] RDC [Hz] 
24G -90.1 -93.14 3 
60N -104.8 -94.66 -10 
59W -121.0 -92.96 -23 
89Y -113.6 -91.80 -21 
104S -108.2 -92.29 -16 
117E -113.9 -93.26 -21 
118W€NH -97.5 -98.31 1 
The broadening is due to the residual through-space 1 H-'H dipolar couplings. The 
'H-'H couplings are much weaker than ' 5 N- 1 H couplings since the distances involved 
are greater (Dij oz r 3 ). In a sample with a weaker alignment the 'H-'H couplings 
are small enough not to significantly broaden the amide cross-peaks, while the 15 N- 1 H 
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Figure 3.9: The IPAP spectra of VCP:2,3 recorded in a suspension of 27 
rng/mL M13 phage. (a) and (b) the concentration of V( 'P:2.3 was 0.3 iiiNl (a) 
ilie Splitting in 2 11 signal from 2 11 2 () used to monitor quality of the aligniiieiii was 
3.8 Hz. (b) IPAI 2 spectrum slioviiig the broadened cross-peaks. The horizontal axis 
represents the irl chemica.1 shift and the vertical axis shows the 1 N chemica.1 shift 
both scale(I in 1)1) 111 
couplings are still large enough to be measure(l (see section 2..2). 
Four-fold dilution of the Ni 13 concentration allowe(I collection of the spectrum wit Ii 
well-defined cross-peaks (figure 3.10) similar to these observed in all isotropic sample. 
The protein concentration was kept the same as before. Since I lie transverse relaxation 
time is strongly dependent on the correlation time of rotational (liffusioll and 1 herefore 
lie size ofthe protein. t lie monitoring of this relaxation allows judgement of whet her 
protein is still diffusing in the solution (with a small degree of alignment mt rod uice(l ) or 
if it is transiently binding to the imicli larger phages. in which case 12 would become 
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Hgiire 3.10: The IPAP spectra of VCP:2,3 recorded in suspension of 7 
ing/mL M13 phage. (a) The spill hug in 211  signal from 2 11 2 () used to uiuonitor quual-
in' of the aliguinieuut was 1.98 l -lz. (b) The IPAP spectrum used to extract the RD( ,"  
- differences between • +Rl)( split t ings here and .J measu red in an unaligned 
spectrum 4.2. The residues for which one of 1 he pail of cross-peaks was distorted by 
the residual sigiial from water are indicated. Ihe concentration of protein was 0.3 
mM. The horizoni al axis represents Ill chemical shift and the vertical axis shows 15 N 
chemical shift-, hot Ii scaled in ppm. 
significantly shorter. To ensure that- ito strong interactions between ihe protein and 
the phage surfaces are present the one-diniensiona.l 1 11-detected ' 5 N 12 relaxation was 
monitored, see figure (3.11). No adverse effect due to shorter relaxation times can be 
seen in these spectra. therefore the protein can he considered to be diffusing almost 
freely, without significant binding taking place. 
The residual dipolar couplings were measured as the difference between the •J\ J  +R1)( 





16 ms 	 80 ms 	 128 ms  
(b) 
A 
16 ms 	 80 ms 	 128 ms 
Figure 3.11: One-dimensional 'H-detected ' 5 N T2 decay of VCP:2,3 in 
isotropic sample and in the presence of M13. (a) Spectra acquired in isotropic 
sample. (b) Spectra acquired in sample used to obtain dipolar couplings (7 mg/mL 
M13 phage). The relaxation delays are marked below the corresponding spectra. The 
series of relaxation spectra have been normalised to equal intensity at 16 ms delay. 
The horizontal axes represents 'H chemical shift scaled in ppm. 
obtained as a splitting between the pair of cross-peaks in these spectra and J,, cou-
pling obtained from the IPAP spectra acquired in the isotropic solution (figure 4.2). 
This allowed measurement of the dipolar couplings with an approximated error of 0.75 
Hz for most of the residues. The anti-phase spectrum had worse water suppression, 
which results in an artefact in the middle of the ' 5 N dimension at 117.38 ppm. For 
the few residues whose NH cross-peaks reside around ' 5 N 117.38 ppm in the IPAP 
spectrum, couplings were measured as twice the distance from the cross-peak in the 
normal (decoupled) HSQC spectrum to the undisturbed cross-peak of the pair. A table 
showing measured couplings can be found in Appendix 8.2. 
Chapter 4 
NMR experiments 
In this chapter the experiments carried out to obtain all of the NMR data are outlined 
and the resulting spectra presented. First, some building blocks occurring in all of the 
experiments are explained with the help of product operators. 
4.1 NMR measurement 
In general an NMR experiment consists of preparation, mixing and acquisition periods. 
The preparation period includes a relaxation interval followed by a series of r.f. pulses 
and delays that prepare a desired spin-state. Further pulses and delays act on this 
state during the mixing period. Finally, the observable spin-states are produced and 
the macroscopic magnetisation associated with these spin-states induces an electric 
current in the receiver coil during the acquisition period. 
The induced current carries the Larmor frequencies of all the spins. The signal frequen-
cies are measured as a positive or negative offset from the carrier frequency. In order 
to differentiate between positive and negative frequencies data is acquired twice with 
the phase of the detector shifted by 90° between each acquisition. This procedure is 
called quadrature detection. These two signals (often referred to as real and imaginary) 
can than be combined to obtain the correct phase and the sign of the frequency. 
Since the analog-to-digital converter converts the signal into the digital form the rate 
of digital sampling dictates the maximum frequency that can be recorded. The Nyquist 
frequency fN'  the maximum frequency which can be measured by digital sampling of 
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a periodic function, is defined by the frequency of the sampling: fN = V samp112. The 
frequencies v observed in the spectrum are therefore constrained by fN v < fN 
defining the width of the spectrum. Any frequency that is too high to fulfill the Nyquist 
relationship is sampled less than twice per period and consequently appears reduced. 
The corresponding spectral line appears folded over the edge of the spectrum. 
As the acquisition takes place spins lose their coherence and the free induction decay 
(FID) takes place with an exponential rate: e- '/T2 , where 1/(T2*) = lIT2  + A is the 
apparent spin-spin relaxation rate, including a contribution A from the magnetic field 
inhomogeneity. The signal is thus acquired in the time domain, which is then converted 
into a frequency spectrum using Fourier transformation [142]. The rate at which the 
time domain signal decays determines the linewidth of a signal in a frequency spectrum. 
During processing, the FID can be manipulated resulting in higher quality spectra. 
Window function apodisation, where an FID is multiplied by a function decaying faster 
than the FID envelope, emphasises the early part of the FID where the signal-to-noise is 
high. This results in some line broadening of signals. By contrast, a window function 
with a high weight at later points in the FID increases spectral resolution, at the 
expense of signal-to-noise. Since the FID is digitised a fast Fourier transform (FFT) 
can be applied [142]. A FFT produces a spectrum containing the same number of digital 
points as there were in the FID. The definition of spectral lines can be improved by 
adding points of zero intensity to the end of the FID. This process is called zero-filling. 
Also frequently performed is a digital filtration to remove signals at some frequencies, 
particularly the residual water signal. 
4.2 The basic blocks of an NMR experiment. 
In an NMR experiment a sequence of short r.f. pulses and free evolution delays induces 
the spins to adopt a state in which a desired effect can take place. The most common 
90° and 180° r.f. pulses allow manipulation of spin coherence and population of the 
states. These pulses are combined with delays to form the basic building blocks of 
the experiments. Each building block achieves a certain goal. The full pulse sequence 
can be viewed as a concatenation of such blocks. In following sections basic building 
blocks relevant to the performed experiments are described in terms of spin product 
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operators describing the coherence (Ia , IaSb), chemical shifts and couplings evolving 
during a delay (Qjr, Qs-r, 2irJisr) and the operators describing an applied pulse, with 
the effective angle and the polarisation x,y,z (eg. - I). 
Spin-echo 
One of the basic building blocks of many pulse sequences is the spin-echo. Its main 
purpose is to refocus chemical shifts, while allowing couplings to evolve. The spin-echo 
pulse sequence is: 
- r - irI - 
Using the product spin operators the effect of the spin-echo applied to an isolated spin 
is as follows: 
21 
Iz 	-4 	Iy 
cz 1 T 
-* —1 y cos(Q,T) + Isin(Q 1 T) 
—f I,cos(Q 1 r) + Isin(Q1 r) 
-+ I, cos(Qr) - I cos(f 1 r) sin( 1 r) + I sin (l 1 r) cos(1 1 r) + I, sin 2 (Q 1 r) 
= 	ly 
The net effect is the sign reversal of the magnetisation —I s, created by the initial 
pulse. The chemical shifts have been refocused. In further discussion the evolution of 
the chemical shift during the spin-echo will therefore be omitted. 
For a spin I coupled to S, the chemical shift of spin I is refocused during the spin-echo, 
but the evolution of the J1 takes place: 
- Ix 
Iz 	> 	Iy 
2irJ1 is 
> —Ii, cos(irJr) + 2IS sin (7rJ1 r) 
7r Ix 
' I, cos(7rJ15 r) + 2IS sin(irJ15 r) 
Iycos(irJisr) - 2ISsin(7rJ1r) 
2irJ1 r 
> 1'Y Cos 2(irJ1r) - 4IS sin (7rJ1 7- ) cos(7rJ1r) - I, sin 2 (irJr) 
= 	I, cos(27rJr) - 2IS sin(2irJ15r) 
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This scheme is equally applicable to homo- and heteronuclear coupling. The ir pulse 
in the middle of the sequence is applied to both spins; in the homonuclear case a non-
selective pulse inverts both spins. By choice of the delay r an in-phase I, (r = 1/(2J15)) 
or anti-phase 2IS ( = 11(4Ji5)) magnetisation can be created at the end of the spin-
echo. 
INEPT 
INEPT - Insensitive Nuclei Enhanced by Polarisation Transfer is a block of pulses 
designed to create a coherence of the less sensitive nucleus S (e.g. ' 5 N or 13C) via 
transfer of the magnetisation from the more sensitive nucleus (e.g. 1 H). The basic 
sequence, with proton described by I, is: 
!LJ 
2 J 
T - irS - r - 
As the beginning of the INEPT is a heteronuclear spin-echo and therefore the chem-





1-y cos(27rJ,,T) - 2IS 5 sin (27rJ15 T) 
Iv 
I, cos(27rJ1 r) + 2IS 	( 21rJ1 T) 
Iy 
irs 2 	
cos(27rJ1r) - 2I5 S sin(27rJ1 r) 
The initial proton magnetisation is excited according to the excess of protons k115 , 
where k1 = h71B0 1(2kT) (equations 2.6, 2.10). If the delay r is set to 11(4JNH ) 
the anti-phase magnetisation of nucleus S is obtained, but with the signal intensity of 
protons k1(-2I5S). By attaching another spin-echo with r = 11(4JNH ) the refocused 
INEPT sequence is obtained, that is the anti-phase magnetisation —2IS,, is turned 
into an in-phase S. This is an important step because the decoupling, used by many 
pulse sequences to simplify the spectra and increase signal intensities, can only be 
applied to an in-phase magnetisation. In refocused INEPT an S spin is excited with 
the intensity of proton rather than k5 = lt-ysB o /(2kT) with a gain of yi/ys.  An 
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INEPT can also work "in reverse" (-IS - r - irIirS - r: r-INEPT) transferring 
an anti-phase magnetisation of S spin back to proton for observation, taking advantage 
of the intensity increase due to the detection of a magnetisation residing on the nucleus 
with the higher gyromagnetic ratio (gain factor of 71/ys). The intensity of the noise in 
the acquired signal is, however, proportional to of the observed nucleus. Therefore 
the maximal gain in signal-to-noise in an INEPT followed by a reverse r-INEPT is 
(7I/s)(7 /7 I/s)(Is) = ( ihs). 
Gradients 
A pulse field gradient (PFG) is a temporary, usually of duration 10 4 - iO s, con-
trolled variation in the external magnetic field B 0 . The gradient pulse imposes a linear 
gradient in the strength of the magnetic field along one of the laboratory axes (most 
commonly z). Therefore during the gradient pulse the Larmor frequencies with which 
spins precess depend on the position (i) along that axis with v = v0 + VGi causing 
the spins to dephase. This destroys any macroscopic transverse magnetisation as, 
throughout the sample, spins do not precess together. Since a gradient causes a con-
trolled variation of 130 , a gradient with opposite sign, that is one producing an opposite 
change in B0 , can bring the spins back into phase and restore the coherence. Each spin 
which during the gradient had ii = VU + vc!, would now, for the same period, precess 
with v = V0 - VGi and the net effect of dephasing will be 0. 
The same effect can be brought about by two identical gradients evenly spaced around 
a ir pulse. The gradients are frequently used in this way to "clean" ir pulses in places 
where it is important that inversions are as close to perfect as possible. 
WATERGATE 
As the samples for all of the experiments performed in this project were dissolved in 
H 2 0, it was necessary to ensure that the signals from the protons of interest were not 
swamped by that from much more abundant water protons. 
The idea of WATERGATE [126] is very simple. It consists of a short proton spin-echo 
(such that J-coupling modulation, T2 relaxation, or diffusion are negligible) with two 
additional elements. A 1r pulse in the middle of the spin-echo is flanked by two low 
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power (-), selective pulses applied at the carrier frequency. As the middle of the 
spectrum is set to coincide with the Larmor frequency of water, these two pulses are 
selective to water protons. The second element is a pair of identical gradients applied 
around the r.f. pulses. As discussed above two identical gradients symmetrically 
flanking a 7t pulse have a net effect that approximates closely a pure ir pulse. This 
applies to all but water protons, which receive a combined pulse: 
() 
+r + (-) = 
0. The protons of the water are therefore dephased by the WATERGATE. 
Decoupling 
The observation period of any NMR experiment has to be treated as a time when both 
chemical shifts and J-couplings evolve. In heteronuclear experiments, the evolution of 
the chemical shift of the heavy S nucleus is not an issue as typically the magnetisation 
has been returned to the proton at this point. The desired evolution of proton chemical 
shifts is accompanied by the evolution of J-couplings, splitting the cross-peaks in the 
proton dimension. If the goal is to observe a single cross-peak per pair of coupled 
nuclei, decoupling has to be applied. The decoupling typically consists of a train of 
r pulses at the S frequency (selective spin-echoes) with a repetition rate that is fast 
compared to J. As the effect of ir pulses is to invert the populations of the spins S, S 
and Sp labels are frequently exchanged between the two vectors effectively "freezing" 
the J-evolution. 
4.3 The experiments performed during this project 
Below are described all of the experimental techniques used in this work. The basic 
two dimensional sequence, which correlates chemical shifts of protons and heteroatoms 
(in this work ' 5 N) is the HSQC. Correlation of ' 5 N and 'H chemical shifts, serves 
to spread the signals (cross-peaks) from N-H pairs in two dimensions. The HSQC 
allows identification of the properties of amide protons and nitrogens, by measurement 
of cross-peak intensities and of NH  or JNH+RDC  (RDC: residual dipolar coupling) 
separation of cross-peaks. The full backbone assignments, performed by Dr. Joanne 
O'Leary for MCP:1 [116], Dr. Cohn Henderson for VCP:2,3 [59], Dr. Alan Wiles for 
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VCP:3,4 [169] and Rosie Mallin and Dr. Brian Smith for C111:15,16 and CR1:16,17 
samples [146], allowed the properties measured for each N-H signal to be tied to a 
specific residue. 
4.3.1 HSQC - a two dimensional experiment 
The Heteronuclear Single Quantum Coherence (HSQC) pulse sequence has two chemi-
cal shift labelling periods where single-quantum (observable) coherences evolve, yield-
ing a two dimensional spectrum, while the NH  couplings are refocused. The HSQC 
pulse sequence can be schematically represented as: 
	
INEPT - 	- rrH - 	- 	 - Acquire (t2) 
- 	t 1 	- r-INEPTWG - Decouple 
The irH pulse in the middle of the ti period effectively removes the J ,, coupling 
evolution. Therefore the magnetisation evolves only with the 15 N chemical shift. The 
subsequent reverse INEPT (r-INEPT) returns magnetisation to protons for acquisi-
tion. The WATERGATE (wG)  is applied within the r-INEPT. During the acquisition 
broadband ' 5 N decoupling is used to remove the coupling during t 2 . 
Two dimensions 
The time sampling necessary for obtaining a frequency spectrum in the first dimension 
is achieved by repetition of the pulse sequence while successively incrementing the 
t 1 period. For each increment, two FIDs, which differ by 900  in the phase of the 
' 5 N magnetisation, are acquired. This is the equivalent of quadrature detection and 
allows discrimination between the positive and negative frequencies and phasing of the 
spectrum in the F 1 dimension [149]. 
Referencing of the spectrum 
The axes of the NMR spectrum need to be referenced correctly, especially if working 
with a set of different spectra of the same protein. The referencing of the proton 
dimension was performed utilising the the chemical shift of the water protons and the 
empirical equation linking the chemical shift of water cZH2 O to temperature (Tin °C), 
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Figure 4.1: HSQC spectrum of VCP:2,3. The two dimensions are: horizontal 'H 
chemical shift and vertical 15 N chemical shift, both in units of ppm. Each cross-peak 
represents an NH pair. The good spread of the cross-peaks is indicative of a folded 
protein. 
pH and salt concentration [salt] [171]: 
H2O = 4.776 - 0.0119 (T - 25) - 0.002 (pH - 7.0) - 0.09 [salt] 	(4.1) 
The absolute proton frequency at 0 ppm (v) is calculated from the equation (2.8) 
where the water frequency (carrier frequency of the experiment) is inserted as v. The 
referencing of the nitrogen and / or carbon dimension is then performed according 
to (2.6). The absolute frequency of a nucleus divided by its gyromagnetic ratio is a 
constant in a given magnetic field, therefore v'/yH = v/yx. Finally the chemical 
shift of the centre of each heteronuclear dimension is calculated according to (2.8) with 
= t'rrier and t'o = zi. The awk script written to automate the referencing of 2D 
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4.3.2 HSQC modified for measurement of NH couplings 
If the irIs pulse in the middle of the ti evolution in the HSQC pulse sequence is 
removed, then J NH  coupling is not refocused. This allows measurement of the coupling 
from the cross-peak separation in the F 1 dimension ( 15 N frequency). However, as the 
number of NH cross-peaks is doubled, the incidence of overlap is increased. To avoid 
this problem an IPAP (In-Phase and Anti-Phase doublets) pair of pulse sequences was 
adopted [120]. The implementation of this approach for a Varian spectrometer with 
tn-axial probe can be found in the Appendix 8.1. With this pair one obtains an in-
phase and an anti-phase J-coupled spectrum, the sum and difference of which give 
spectra with only up-field or down-field component of the J-coupled doublets. 
- 1 7rI-I y• 2 	- [ - irH, - 	- 	xJ 
1 - 	 - INEPT 	- Aq(t 2 ) 
2  
7rNX 	N11 - 	7,N. 	 ] - 	t1 	- r-INEPTwa - Dec 
The pulse sequence is executed twice, with (AP) and without (IF) the part surrounded 
by the rectangular braces [ . ] and with the phase of the last of the INEPT pulses 
in the IF sequence incremented by 90° to in AP. In the IP experiment the 
anti-phase 2HZ NY magnetisation, produced at the end of INEPT, evolves during time 
t1 without a J NH  refocusing pulse, so after the r-INEPT and quadrature detection in 
t1 a complex signal in the ' 5 N dimension is achieved, yielding: 
	
exp(—iQjvti) cos( 7rJN1t1)HX, 	 ( 4.2) 
which gives in-phase doublets in F 1 after Fourier transform. In the AP experiment the 
anti-phase 2HZ NX produced at the end of INEPT is subject to the extra refocusing 
period L\ 11(2JNH ) followed by a -H purge pulse, which turns any remaining 
2HZ NX into unobservable double quantum 2HY NX . During this inserted period anti-
phase magnetisation evolves into in-phase magnetisation, reduced by a constant: C = 
- sin(1rJNH L) exp(—L/T2 ). The decay due to relaxation during this period has to be 
taken into account as the AP sequence is longer than the IF one. During the t 1 period 
the in-phase magnetisation evolves with chemical shift and NH  and after the r-INEPT 
is returned to the proton. The quadrature detected signal is then modulated by: 
Ci exp(—iQNtl) sin(7rJNH t1)HX 	 (4.3) 
('H-%PTEI? 1 ..\.\II? EXPEI?IIEXTS 
leading to an anti-phase doublet in Fl.  
	
The addition of I he AP signal. multiplied by 	to IF gives an Fil) modulated by 
exp{— it  (.y - 7rJ- 11 )]: and difference mod ulated by eXl)[ —  i/i 	+ Ti 	)]. Thus. 
Fourier transform yields spectra with signals shifted from their clieiuica.l shift j)Osit ions 
by JNH / 2  or +.1\ . H /2. 
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Figure 1.2: Overlay of up-field and down-field spectra of VCP:2,3 acquired 
with IPAP pulse sequence. 1hc cross-peaks ofthe down-field spect.ru in aaecolomvd 
blue. By keeping up-/dow ii- field cross-peaks in separate spectra bet tei resolution is 
afforded in the lI - - 9 pn range. Otherwise the overlap of up-field on (lowIi-fiCld 
cross-peaks wolII(l make a precise position difficult to obtain. The .1 \H  couplings are 
extracted from the separation, in the ' 5 N (liniensiOn. of I)a.ile(l cross-peaks belonging 
to the same Nil doti Net 
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4.3.3 Identification of proton chemical shifts 
TOCSY - TOtal Correlation Spectroscopy is a technique designed to obtain a corre-
lation between J-connected nuclei, including those that are not coupled directly but 
via a network of J-couplings (hence "total"). In its 2D variant, the resulting spectrum 
contains [VA, UB] cross-peaks indicating a connected pair of nuclei A and B. In its basic 
form the TOCSY consists of pulse sequence applied at the proton frequency [17]: 
IT - t1 - [SPIN-LOCK] - Acquire 
The pulses are not selective, therefore the pulse sequence is symmetrical with respect 
to coupled spins. The Wy pulse creates transverse magnetisation, which during t1 is 
labelled with frequency in the F 1 axis. During the spin-lock period isotropic mixing 
takes place. This is achieved by a train of non-selective ir pulses. Their effect is two-
fold; firstly they make the spins evolve under a strong coupling regime. In this regime 
the full isotropic Hamiltonian (equation 2.40) makes spins evolve in a collective manner 
described by a linear combination of the product spin operators. Secondly, a spin-lock 
suppresses the chemical shift evolution enabling the spins to exchange energy. 
The pulse sequence actually used in this work constituted a 3D TOCSY-HSQC com-
bination, obtained simply by appending an HSQC sequence after the TOCSY block. 
Each homonuclear plane of a 3D spectrum then corresponds to a different amide ' 5 N 
chemical shift and contains a 2D TOCSY spectrum derived from protons of the residue 
which contains an amide of that shift. The sequence starts in the usual manner with 
a t1 period (first set of [ . ] brackets) amended to refocus the J,, coupling: 
Y t. 2 	 2 X 	 - DIPSI - -] - HSQC2 - Acquire(t 3 ) 2 
7r IV 	 - tD 	4 
The subsequent LIx  pulse creates a non-equilibrium z coherence. The spin-lock DIPSI 
[144] sequence consists of composite ir pulses that increase the bandwidth over which 
the spin-lock condition is fulfilled. Additional delays - appended at both ends of the 
DIPSI train allow for approximately the same amount of NOE build-up as there is 
during the spin-lock, period tD of the rotating frame NOE (ROE). Since the NOE and 
ROE have opposite sign these contributions cancel and a pure TOCSY spectrum is 
obtained. The HSQC sequence is then appended. 
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The TOCSY-HSQC spectrum was processed by maximum entropy reconstruction (ME) 
[97, 60] in order to improve the signal resolution. In ME a spectrum is constructed and 
than the entropy function, which takes into account the number of points in the time 
domain and the sampling rate, is calculated for the spectrum. The process is iterative, 
aiming to maximise the entropy subject to the reconstructed FID (the inverse Fourier 
transform of the spectrum) differing from the acquired FID within the experimental 
noise level. In essence, ME allows a narrowing of the line-widths in the direction in 
which few data points were acquired due to the FID being truncated. 
In this work the TOCSY-HSQC was performed to help to verify assignments of the 
HSQC cross-peaks of VCP:3,4. The original assignment [169] was done in 1996, and 
the original sample needed to be repurified (section 3.1.1) to remove the protein decay 
products, and dissolved in a fresh buffer. Despite the fact that the buffer, pH and 
salt content exactly matched that originally reported, some cross-peaks were slightly 
shifted in their position. This produced ambiguities in the assignments of some of 
the 15 N-'H cross-peaks in the HSQC spectrum. To resolve this problem, where amide 
chemical shifts could not be matched to a specific assignment, the chemical shifts of H c. 
and Hp cross-peaks were compared with those recorded originally. Figure (4.3) shows 
strips taken from TOCSY planes corresponding to two groups of cross-peaks: G47 and 
S36 at approximately ' 5 N,'HNH: 114.9, 9.45; and N82,Y79 and N32 at approximately 
118.0, 8.77, see figure (3.2). The strips were taken from planes corresponding to the 
cross-peaks' 15 N chemical shifts, at their 1 HNH shifts. The ambiguity was then resolved 
by comparing H and Hp chemical shifts with previously assigned residues. 
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Figure 4.3: Strips from 3D 15 N-edited TOCSY-HSQC. These strips were taken 
to resolve uncertainty in the assignment between G47 and S36 and N82,Y79 and N32 
cross-peaks. The four strips are taken from planes at different ' 5 N shifts (indicated 
above the strips) in TOCSY-HSQC spectrum. The 'HNH shifts corresponding to the 
vertical lines running through strips are indicated below each strip. The vertical scale 
displays the proton shifts which were matched to the original assignment. 
4.3.4 Relaxation experiments 
Relaxation experiments allow monitoring of the dynamics of the protein backbone 
through the relaxation properties of backbone amides. A minimal set of experiments 
which allows analysis of the dynamical properties of ' 5 N-'H moieties includes mea-
surement of T1 , T2 and 15 N- 1 H NOE, (see section 6.1). Additional experiments were 
performed to ascertain the residues undergoing chemical (conformational) exchange. 
The experiments outlined below depend on the HSQC block to provide the spread of 
chemical shifts, allowing determination of the relaxation properties of each amide in 
turn. The amides for which cross-peaks overlap cannot be analysed. 
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Pulse-sequence for the measurement of longitudinal relaxation time. 
The longitudinal 15 N relaxation was measured in a two dimensional experiment based 
on the HSQC, in which an ordered N state is created following initial INEPT and an 
incrementable relaxation delay is added: 
INEPTR - 	- [7rHX]T - 	- 	- 	- 7rH - - 	 - Aq (t2 ) 
-EN- T - 2 	 - SE - 	t 1 	- r-INEPTRWG - Dec 
[72, 71], where INEPTR indicates a refocused INEPT modified to include a water-
selective shaped -H pulse just before transferring magnetisation to ' 5 N. The purpose 
of this pulse is to ensure that the water magnetisation returns at the end of the pulse 
sequence to the z-axis. The -N after the initial INEPTR creates the ordered N state, 
which relaxes with the longitudinal magnetisation T1 during the relaxation period T. 
Following the relaxation period T, the LN y  brings magnetisation back to the x,y plane 
as N, which during the spin-echo (SE) evolves into anti-phase 2NY HZ . After the 
t 1 , ' 5 N chemical shift evolution period, the magnetisation is returned in a reversed 
r-INEPTR step to proton for the acquisition. r-INEPTRWG includes a WATERGATE 
water suppression scheme applied during the final spin-echo. 
During the relaxation period T, the irH pulse is applied every 5 ms. This is a selective 
pulse with an inversion profile covering only HNH protons and not those of water. In 
this way the saturation transfer from water protons is eliminated. For HNH protons 
this pulse flips populations between H and H 13 proton states, swapping the members 
of the ' 5 N spin doublet. 
Due to the interference between dipolar coupling and chemical shift anisotropy re-
laxation mechanisms (DD-CSA cross-correlation) the relaxation has, besides the pure 
contribution A from DD and CSA, a cross-relaxation (interference) term Th [71, 511. 
In the approximation of large frequency differences between coupled spins, true for 
the ' 5 N-'H pair, the relaxation is bi-exponential with one of the doublet components 
relaxing at a rate A + ,q, and the other at a rate A - The interchange between the 
doublet components serves therefore also to record relaxation with the average rate 
(A + 7)/2 + (A - 77)/2 = A designated T'. 
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Further, the undecayed magnetisation is transferred to 'H and the observed intensity 
of signal is related to the relaxation period length T according to: 
	
1(T) = Ioe_T/T1 . 	 (4.4) 
The intensity of the cross-peaks is measured in a series of spectra with different relax-
ation period lengths and fitted to the exponential decay function (4.4) parameterised 
by relaxation time T,. The source of the computer programme written for fitting 
exponential decays can be found in Appendix 8.7. 
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Figure 4.4: Example of spectra measured to obtain longitudinal relaxation 
times. Two out of a total of eight spectra acquired for the measurement of T1 . ( a) 
with a relaxation delay of 137.55 ms and (b) of 546.30 ms. The relaxation delays used 
for the measurement of ' 5 N- 1 H T1 in VCP:2,3 were 6.75, 137.55, 273.80, 410.05, 546.30, 
682.55, 818.80, 960.50 ms. Horizontal axes in (a) and (b) represent 1 H chemical shift 
and vertical axes show chemical shift, both scaled in ppm. 
Pulse sequence for the measurement of transverse relaxation 
The transverse ' 5 N relaxation was measured in a two dimensional experiment based on 
the HSQC, in which the initial INEPT is refocussed (INEPTR) to create an in-phase 
N magnetisation and an incrementable relaxation delay is added: 
INEPTR - 	T 	- 	- 	- 7rH - 	- 	 - Aq (t2 ) 
— [CPMG]T - SE - 	t, 	- r-INEPTRWG - Dec 
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[72, 71]. The INEPTR blocks are the same as in the T1 pulse sequence. During the 
relaxation period T, magnetisation receives the CPMG (Carr-Purcell-Meiboom-Gill) 
train of pulses: 
[ 3 x (J - 	 x3]2N 
The irN pulses are separated by r, = 2S delays, set to 0.9 ms < (( 2JNH) ' 5.6 ms 
to avoid underestimation of T2 due to J NH  evolution between in-phase and anti-phase 
spin-states in each spin-echo section, in effect keeping the 15 N magnetisation as close to 
spin-locked as possible. The CPMG [71] as used here includes a irH pulse every 5 ms 
which, as in the T1 measurement, serves to flip H c. and H 13 states, so that the averaged 
relaxation rate (A +77.v )/2+  (Arn, - i,)/2 = ) free from DD-CSA cross-correlation 
is observed. The intensity of cross-peaks is then related to the length of relaxation 
period T = N x 16 x 8 according to: 
1(T) = Ioe_T1'T2. 	 (4.5) 
The intensities of the cross-peaks are extracted from a series of spectra with varied 
number of repetitions of CPMG blocks and therefore varied length of relaxation period, 
and T2 values are obtained from fitting to (4.5). The source of the computer programme 
written for fitting exponential decays can be found in Appendix 8.7. 
In the case of transverse relaxation the procedure for removing the cross-correlation 
contribution is even more important than for longitudinal relaxation. It was shown 
that fitting of the actual bi-exponential decay with an expected single exponential 
can give an overestimation of T2 of around 25% [71]. This effect is higher than in 
longitudinal relaxation because the concerted spin-flips of HNH with neighbouring 
protons (a manifestation of the Overhauser effect), which also interchange the H c, and 
H13 states of the N-H doublet, are slow, compared with the transverse relaxation of 
the faster decaying member of the N-H doublet, and therefore cannot contribute to 
averaging. In contrast, in longitudinal relaxation, both members of the N-H doublet 
relax slower than the exchange rate of the concerted spin-flips allowing for reasonably 
effective natural averaging. 
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Figure 4.5: Example of spectra measured to obtain transverse relaxation 
times. Two out of a total of eight spectra acquired for the measurement of T2 , with 
relaxation delays of (a) 64.26 ms and (b) 144.58 ms. The delays used to measure 
15 N'H T2  in VCP:2,3 were: 16.06, 32.13, 64.26, 80.32, 112.45, 128.51, 144.58, 176.70 
ms. Horizontal axes in (a) and (b) represent 1 H chemical shift and vertical axes show 



















0 	100 200 300 400 500 600 700 800 900 1000 	 - 0 	20 	40 	60 	80 	100 	120 	140 	160 	180 
Time [ms] 	 Time [208] 
Figure 4.6: Examples of decay curves for selection of residues in VCP:2,3. 
Examples of the T1 (a) and T2 (b) decay curves for residues Arg9 (diamond), Gly24 
(plus), Ser34 (square), Asn83 (cross), Asp9l (triangle), Tyr103 (star). In (a) the lines 
indicate fits to function (4.4) with T1 relaxation times of 612, 861, 639, 550, 708, 586 
ms for each of the amides respectively. In (b) the lines indicate fits to function (4.5) 
with T2 relaxation times of 90.8, 89.6, 89.9, 122.0, 78.3, 107.4 ms respectively. The 
errors in the measurement of intensities are smaller than symbols used. 
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Pulse sequence for the measurement of the steady state 15 N-'H NOE 
This pulse sequence does not utilise the initial INEPT of an HSQC pulse sequence, 
making this experiment the least sensitive in the group of relaxation experiments. The 
loss in sensitivity is an obligatory consequence of observing the nuclear Overhauser 
effect that saturation of proton transitions imposes on the intensity of nitrogen lines 
in the N-H pair, i.e. nitrogen coherence needs to be created directly. 
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Figure 4.7: Spectra measured to obtain heteronuclear NOE in VCP:2,3. (a) 
The reference HSQC spectrum without the NOE. (b) The spectrum with the active 
heteronuclear NOE. The cross-peaks, intensity of which has different sign in the two 
spectra, are these with the negative NOE as defined by equation (2.36). Horizontal 
axes in (a) and (b) represent chemical shift and vertical axes 15 N chemical shift, 
both scaled in ppm. 
The spectrum with active NOE was acquired with the proton saturation applied for 
3 s, prior to the first 15 N pulse, as indicated in the pulse sequence above. The Z 
delays separating proton pulses were set to 2.5 ms. The relaxation delay between the 
repetitions of the experiments was 5 s. The reference spectrum was acquired without 
the proton pre-saturation to allow calculation of the NOE effect from equation (2.36). 
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Figure 4.8: The NOE ratios for VCP:2,3. The values were calculated from the 
ratios of intensities in the spectra (a) and (b) in the above figure according to equation 
(2.36). The broken lines indicate the average values of ' 5 N-'H NOEs in VCP:2 and 
VCP:3. 
Pulse sequence for the measurement of R2( -r. p) 
The R2(r) pulse sequence [102] has been used in this work to discern residues which 
might be undergoing conformational exchange on a Its-ms time scale. According to 
equation (6.6) the chemical exchange contribution can be obtained by comparingap-
parent R 2  rates obtained with pulse sequences with varying delays between pulses 
in the spin-echo pulse train. In this pulse sequence, the CPMG block is constructed in 
a way similar to that for measurement of T2. However because the rs have to be sam-
pled as broadly as possible the averaging procedure (for removal of cross-correlation) 
has been amended to allow longer Tcp up to 2/JNH . For ease of discussion the CPMG 
block is split into three parts (a—c). 
2nx[6.7rN6]7rH 	2nx[5.7rN.6] 
. 	. 7r (H..,,, S) L\. 
2nx[6.rN5]7rH 	2nx[6.7rN6] 
The CSA-DD relaxation interference removal is achieved by using the irH pulses 
surrounded by an even number of spin-echoes on each side. The magnetisation en- 
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0.5sinc(7rJNH TCP )]R2(in) + [0.5 + 0.5sinc(7rJN1 TCP )]R2(anti) + Rex. The middle part 
(b) of the CPMG sequence transfers the anti-phase magnetisation into in-phase, with 
the LH., pulse purging any remaining anti-phase. In the final part (c) of CPMG the av-
eraging between in-phase and anti-phase occurs with opposite sign of the r dependent 
term: R2 = [0.5 + 0.5sinc(7rJN11 TCP )]R2(in) + [0.5 - 0.5sinc(7TJNH TCP )]R2(anti) + Rex, 
which compensates for the J N,, evolution. The resulting effective relaxation rate is 
then R2(r) = R2 + Rex (Tcp) = 0.5(R 2 (in) + R2 (anti)) + Rex(rcp). 
By manipulating the number of 2 n repeats of the spin-echo, different relaxation delays 
can be achieved, with the intensity of the signal decaying according to: 
1(t) = Io exp[-t(i 2 + Rex)], 	 (4.6) 
with the delay t = 8 . 	71p . The experiment is then repeated with different values 
of 	Residues that show a difference between apparent Iff2s as a function of r, are 
those with Rex falling in the range of 0.5 - 5 ms. 
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Figure 4.9: Examples of the decay curves fitted in the measurement of 
2(r). In (a) and (b) measured intensities are plotted together with the decays 
fitted according to (4.6). The residues from VCP:2,3 for which the curves were drawn 
are indicated. The solid lines indicate measurements with r = 1 ms and broken lines 
those with = 8 ms. The errors in the measurement of intensities are established 


















Figure 4.10: The differences between R2(T = 8ms) and TP2(TC = lms). 
These differences were obtained from the two measurements of R2(7- ) for VCP:2,3, 
residue numbers are indicated. Examples of the curves from which these values were 
obtained are presented in figure 4.9. 
Transverse cross-relaxation 
In order to further characterise residues exhibiting chemical exchange an experiment 
was performed to monitor contribution i;i from the interference (or cross-correlation) 
between DD and CSA to transverse relaxation rate [88, 155]. 
INEPT - 	T 	- 	- [ H] PFG - COTi1H 
- 	 - 
- 	•irN. 	2 	2 X 	 - COfltN 
contH - 	- 	- irH - 	- 	- 	- 	 - Aq(t 2 ) 
COfliN - 	- Ta - 	- Tb - irN - 	- r-INEPTwa - Dec 
An initial INEPT creates 2HZ NY coherence. T marks the relaxation period with a 
irN pulse in the middle to refocus the evolution of ' 5 N chemical shift and J N1  scalar 
coupling. During this period cross-relaxation occurs resulting in some of 2HZ NY turned 
into N coherence with a cross-relaxation rate 
To select between in-phase and anti-phase components the ' 5 N magnetisation is then 
put into the z direction by a 1 N, pulse, which results in N and 2NZ HZ coherences, 
created from N9 and 2HZ N9 respectively. 
10 
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The pulse sequence is executed twice. First the N magnetisation is selected. The 
2NZ HZ component is filtered out by a purge pulse [H] which creates 2N Z HY dephased 
by the following pulsed field gradient (PFG).  This leaves only N which was unaffected 
by the dephasing and which is present at this point purely due to cross-relaxation. 
The subsequent pulse returns magnetisation to an in-phase N. The values of 
Ta = t 1 /2+(4J) 1 , Tb = t 1 /2 and A = (4J)' were selected for in-phase magnetisation 
to be transferred by the reverse r-INEPTWG to 1 H for detection, and the intensity 'A 
relaxed due to q,, y is measured. 
The pulse sequence is then repeated without the dephasing [-H] pulse and with 
Ta = t 1 /2, Tb = t 1 /2 + (4J)' and A = (4J)' selecting for anti-phase magnetisation, 
which was directly created by the first INEPT and relaxed to 'B 
The relaxation period is the same for both measurements with transverse magnetisation 
(both doublet components) after the delay T described in terms of in-phase and anti-
phase components as: 
(NHZ - -N) . exp[—(A - i)T] + (NH + -N) . exp[—(A + ii)T] = 




N . e - A ~ yT . sinh(iT) + 2NYHZ . 	 . cosh(iT) 	(4.7) 
Therefore the measured intensity 'A  is proportional to sinh(iiT) and 'B  to cosh(ijT) 
and their ratio is related to the transverse cross-relaxation rate r 	[155]: 
IA/lB = tanh(iT). 	 (4.8) 
The source of the computer programme written to fit the ratio of intensities to the 
function (4.8) can be found in Appendix 8.7. The cross-relaxation mechanism is inde-
pendent of chemical exchange effects, therefore comparing the apparent R2, measured 
in transverse relaxation experiment, with the cross-relaxation rate i, allows identifi-
cation of those residues which undergo chemical exchange [155]. 
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Figure 4.11: The build-up of the ij,, measured for VCP:2,3. Spectra acquired 
with the pulse sequence selecting for in-phase magnetisation. Signal build-up is due 
to the cross-relaxation during the relaxation period T of (a) 17 ms and (b) 85 ms. 
Horizontal axes in (a) and (b) represent 'H chemical shift and vertical axes represent 
15 N chemical shift, both scaled in ppm. 
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Figure 4.12: Ratio of intensities IA/lB  obtained at 5 different relaxation 
times, for four chosen residues in VCP:2,3. The lines correspond to the fit to 












Residual Dipolar Couplings 
In this chapter the method and results of including residual dipolar couplings (RDCs) 
in the structural refinement of VCP:2,3 are described. The technical aspects of utilising 
RDCs in structural calculations are discussed. 
5.1 Background 
Interest in RDCs in the case of CCP module-containing proteins derives from the fact 
that biologically functional constructs contain more than one module. As discussed 
in chapter 1, the mutual orientation of modules could therefore define the interaction 
site. 
Restraints derived from RDCs, unlike distance restraints derived from 'H-'H NOEs, 
are in essence long-range. That is they restrain orientations of all vectors connecting 
pairs of dipolar-coupled spins within a common reference frame (alignment tensor). 
This provides an opportunity to define the mutual orientation of parts of the protein 
that have few NOE contacts between them. 
In VCP:2,3 there were a total of 3082 non-duplicated, NOE-derived restraints used for 
structure calculations, but only 40 of these were found to be between the bodies of 
the modules and the linker residues (see figure 5.1). Furthermore only two restraints 
were found between the bodies of the modules and both were ambiguously assigned, 
that is each was derived from an NOE that had several possible contributors due to 
overlap of cross-peaks in the NOESY spectra. The two inter-modular restraints were: 
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Figure 5.1: NOE restraints observed within the VCP:2 - VCP:3 interface. 
The portion of the protein defining the linker interface is shown. The observed NOEs 
are depicted in the schematic on the right hand side; figure adapted from [59]. 
Gly38H-Asp91H and Tyr39H6-Thr9OH '; they were calculated, using the ARIA 
[113] protocol, to contribute only 5% and 25% respectively of the total intensity of 
their cross-peaks (i.e. the remainder of the intensity derived from contributors placed 
in the same module). Structural calculations performed without these two restraints 
did not result in significant changes in the inferred module orientations [59]. 
This lack of observed inter-modular NOE-derived restraints translates into a lack of 
definition in the inferred inter-modular orientation. The mutual orientation of the 
modules can be described in terms of three angles: tilt, twist and skew, schematically 
shown in figure (5.2) [10]. The ensemble of NOE-derived structures shows that while 
the tilt is relatively well-defined (sd. = 11.2°) the orientation in the x-y plane is less so, 
dominated by the distribution of skew angles (skew: sd. = 47.3°, twist: sd. = 21.5°). 
1  Residue numbering in this chapter is that of Henderson et a! [59]; 58 should be added to residue 
number to obtain the native sequence. 
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Figure 5.2: Definition of tilt, skew and twist angles and their distribution in 
NOE derived structures. (a) The local frame is calculated for each module using 
the centre of mass as the origin; the Z-axis in each module is defined by the main axis 
of the inertia tensor and pointing towards the C-terminus, and the X-axis is defined as 
pointing towards the the C, atom in the middle of strand D of the CCP [10]. In VCP:2 
the X-axis was defined by C of Ser30 and in VCP:3 by C of Va195. A module in all of 
this work is defined as part of the protein that lies between and including the first and 
last cysteine of the consensus sequence: VCP:2 from Cys9 to Cys66, and VCP:3 from 
Cys7l to Cys124. In (b) the x symbol indicates values of the three angles observed 
in the ensemble of NOE-based structures. Minimal and maximal values observed are 
twist: 107 - 164°, skew: 201 - 322° and tilt: 4 - 53 ° . 
5.2 Measured residual dipolar couplings 
The table of RDCs measured in VCP:2,3 is displayed in Appendix 8.2. Since RDCs 
were measured as the difference between the separation of up-field and down-field 
cross-peaks in aligned and unaligned spectra, the error of the dipolar coupling mea-
surement was approximated as the average of the errors made during peak-picking the 
cross-peaks. Therefore the error in the measurement of an RDC was established as: 
AD= ,/(6unaliYn)2  + 
(5Ufla1i9fl'2  + ( gU
P
li  + (.5a1i9n)2 = 0.75 Hz, where 6 symbols down " down / 
correspond to the maximum difference in the apparent position of the cross-peaks in 
the Fl ( 15 N) dimension between four different peak-picking sessions. In unaligned 
spectra cU7WiiYfl - 0.25 Hz and in the aligned spectra 
8align 	= 0.47 Hz (spectra are 
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91 
shown in figures 3.10 and 4.2). 
The value of 0.25 Hz agrees with that estimated for the uncertainty of cross-peak 
positions in unaligned spectra according to the empirical results of Kontaxis et al. [83] 
obtained from numerical simulations based on the length of the 15 N time domain, S/N 
ratio of the spectrum and average observed 15 N line broadening. In the unaligned 
IPAP spectrum of VCP:2,3 the length of the time domain was 80 ms, S/N = 14:1, 
and (112) = 9.12 s,  from which a value of 0.24 Hz uncertainty was calculated. These 
authors make the point that there could be additional uncertainty due to phase error 
in the spectrum. In the case of the experiments used in this work the S/N value 
obtained was closer to the lower limit (10:1) used in the Kontaxis et al. simulations, 
rendering current experiments less sensitive to peak position shifts associated with 
phase error than these arising from the noise distribution. Also, after the first order 
phase correction a good, flat baseline was obtained suggesting that no serious phase 
associated shifts would he expected. 
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Figure 5.3: Residual dipolar couplings plotted versus residue number. 
Backbone N-H RDCs as measured in VCP:2,3 in the presence of M13 bacteriophage. 
The side-chain DNH  for Trp59 and Trp118 are also indicated (open circles). The 
heteronuclear ' 5 N- 1 H NOE is indicated above using a dashed line. The dipolar cou-
plings indicated in blue are these for which the heteronuclear ' 5 N-'H NOE was greater 
than 0.6 (indicating no extensive ps-ns time-scale motion) and no conformational ex-
change (jis-ms time-scale motion) was detected, and therefore this part of structure 
can be expected to be rigid. The red dots indicate residues that also take part in 
module-linker-module Fl-H NOE interactions as shown in fig. (5.1). [59] 
0 
(C) 
Residual dipolar coupling [Hz] 
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A selection amongst the apparent, measured RDCs was made to ensure that local 
changes in the environment of the nuclei upon the change of media do not contribute 
to the values used for structural characterisation. Amides for which cross-peaks in 
the aligned HSQC spectrum did not overlap with cross-peaks in the HSQC spectrum 
of the unaligned sample were therefore removed from consideration. All the residues 
cross-peaks of which were overlapped were also removed from consideration (overlap 
can introduce large error as the position of the centra of each of the peaks are not 
easily possitioned). In VCP:2 43 backbone RDCs from a total of 60 native residues 
could be measured with certainty and in VCP:3 the figure was 45 out of a total of 57 
residues 
5.3 The alignment tensor 
In order to utilise RDCs in structure calculations, the alignment tensor must first be 
established (see section 2.8.2). A first approximation of the alignment was derived 
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Figure 5.4: Histograms of residual dipolar couplings measured in VCP:2,3. 
The distribution of values of one bond 1 D NH RDCs measured in VCP:2,3 with the 
couplings taken from residues in VCP:2 (a), VCP:3 (b) and VCP:2,3 (c). The posi-
tions within the distribution of the deduced and D,, values are indicated in 
(c). 
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The shape of the histogram reflects the probability of finding a particular orientation 
of a bond with respect to the alignment tensor. The probability is defined by the 
integral over all angles (0, q) of equation (2.30), which has the angular dependency 
of the chemical shift anisotropy (CSA) observed in solid state NMR of powders [145]; 
therefore the histogram has the same shape as the powder pattern. The practical effect 
of this fact is the ability to estimate the x, y and z components of the alignment tensor 
(and therefore axial parameter Da  and rhombicity R of the alignment tensor) from the 
fact that in the powder pattern corresponds to the most populated value of the 
dipolar coupling, and D yy and D,, (all in Hz) correspond to the lowest and highest 
value with the relationship: 
DI > IDI ~! JDxx j 	 (5.1) 
defining the sign of D,, and D y . The distributions shown in figure (5.4) are obtained 
by counting the numbers of couplings within 2 Hz bins. This bin size was chosen 
as the lowest in which enough counts are observed in each bin to provide a powder 
pattern-like distribution. 
In VCP:2 the highest measured positive value was 2.07 ± 0.75 Hz, which cannot cor-
respond to D,, since according to inequality (5.1) it is inconsistent with the value of 
D= -8.5 + 1 Hz established on the basis of the highest number of counts. D,, corre-
sponds to the least probable direction in an isotropic distribution of vectors, therefore 
with only 43 values measured in VCP:2 it is possible that the orientation of an NH bond 
corresponding to D,, value was not sampled. This is corroborated by the observation 
of only a single high positive value (17.18 ± 0.75 Hz) in all of VCP:2,3. Because of this 
inadequate sampling, the values of Da and R presented in table (5.1) were calculated 
from D,, and D
., 
 values only. 
Allowing for these reservations concerning the probability of finding an RDC corre- 
sponding to 	the two distributions (figure 5.4 (a) and (b) for VCP:2 and VCP:3 
respectively) can be regarded as overlapping within the precision with which 	and 
DYY 
were established (2 Hz bin-width). The distribution of RDCs from all residues of 
VCP:2,3 is shown in figure (5.4 (c)), and the values are displayed in table (5.1). 
The powder pattern description is only strictly true for an isotropic distribution of the 
directions sampled by the vectors for which dipolar couplings are measured. In this 





[Hz] D y [Hz] D,, [Hz] Da [Hz] R 
obtained from histogram analysis 
VCP:2 -8.5 ± 1 -11.55 + 0.75 - 10.0 + 0.63 0.1 ± 0.1 
VCP:3 -7.0 + 1 -11.73 + 0.75 17.18 + 0.75 9.4 + 0.63 0.2 ± 0.1 
VCP:2,3 -8.0 + 1 -11.73 + 0.75 17.18 + 0.75 9.9 + 0.63 0.1 ± 0.1 
obtained from SVD 
VCP:2 -6.3 ± 1.1 -12.0 + 1.3 18.34 ± 2.1 9.2 + 1.1 0.21 ± 0.05 
VCP:3 -4.66 + 0.88 -11.4 + 1.2 16.1 + 1.9 8.03 ± 0.93 0.28 + 0.05 
Table 5.1: Characteristics of the alignment tensor in VCP:2,3 
sample the fact that, with few exceptions, the dipolar couplings are negative indicates 
that the sampled NH directions are not uniformly distributed. This can be explained 
by the fact that the well defined part of the CCP structure consists of 0-strands aligned 
approximately with the long axis of the module, with most of the NH bonds pointing at 
close to 90° from the long axis. Therefore in such a protein the reliability of obtaining 
Da and R from the shape of the distribution of the measured values is low. 
5.4 Singular value decomposition approach 
The residual dipolar couplings are connected by a system of linear equations (as many 
as there are RDCs measured) with the orientation of the NH vectors within the molecule 
through five variables - the elements of the Saupe order matrix S, S, S fl,, S) 
describing the spatial restriction of motion of the molecule [37, 103]. 
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(5.2) 
where the matrix on the left contains direction cosines, c represents cos function, and 
the ç angles are between the jth  NH bond and the j axis of the molecular frame. 
D ed denotes the residual dipolar coupling divided by the static dipolar coupling, 
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which for an 15 N- 1 H pair is DH" = —2(/i o /47r)h7NyH/(27r) 2 = 2.435 Hz m 3 [32, 103]. 
Upon diagonalisation of the order matrix, which corresponds to finding the orientation 
of the alignment tensor, the Saupe order matrix elements become equivalent to the 
SA elements of the unitless alignment tensor multiplied by the gener-
alised order parameter S [26]. 
Such linear equations as (5.2) can be simultaneously solved using singular value de-
composition (SVD) to obtain the description of the alignment tensor, providing that 
at least five independent angular restraints (here RDCs) have been measured for the 
vectors (here NH bonds) belonging to a known and rigid part of the structure. The 
programme which solves this problem efficiently, written by Dr. J. Losonczi, has been 
obtained from Prof. J .H. Prestegard 's group (http://tesla.ccrc.uga.edu/).  
Consideration had to be given as to which parts of the structure could be treated as 
"rigid". For well structured peptide backbone amides, the squared generalised order 
parameter (82)  typically has values of 0.85 + 0.05 [154]. The RDC in the core of 
the protein would therefore be scaled with S = 0.92 + 0.03, so the assumption that 
S is uniform could at most amount to an error of 6 %. On the other hand, any 
excessively mobile parts of the structure, e.g. loops, would have low S (eq. 2.32) 
and therefore the dipolar couplings would appear lower than expected (eq. 2.29). 
Those residues undergoing conformational exchange also have to be disregarded as the 
spatial definition of an NH bond is compromised in such a case. The RDCs of mobile 
residues cannot therefore be considered in the same way as those from the rigid core 
of the protein and were disregarded in this study. A relaxation study was utilised to 
define the well ordered parts of the structure. Low ' 5 N 1 H-NOE values indicate higher 
amplitude local motion of high frequency (eq. 6.3 and 6.19). Therefore residues with 
15 NH NOE < 0.6 were disregarded. Such a cut-off point is at a conservative level as 
has been established for proteins with similar rotational correlation times (7 - 10 ns) 
and consequently similar maximum expected values of heteronuclear NOE [154]. For 
a discussion of conformational exchange refer to section 6.1.1. 
The RDCs in the residues that belong to the rigid part of the protein are plotted using 
blue colour in figure (5.3). Those residues for which backbone rmsd (as calculated 
in each module separately) were above 0.5 were also removed. This left 26 and 22 
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restraints in VCP:2 and VCP:3 respectively. With this many residual dipolar couplings 
in the rigid and structurally well defined parts of VCP:2 and VCP:3 respectively it is 
possible to define the alignment tensor for each of the modules using singular value 
decomposition, providing that the mutual orientation of the NH vectors is known. 
As a first step it was attempted to calculate the orientation of each of the modules 
of VCP:2,3 within the alignment tensor coordinates. By rotating the modules into 
the orientation in which the tensor coordinates for each module are aligned, the inter-
modular orientation could be inferred. 
NOE-based structure calculations resulted in an ensemble of VCP:2,3 structures with 
various orientations of the two modules. Since there is an indication of mobility between 
the modules, as discussed in chapter 6, the alignment tensor does not need to be the 
same for each of the modules. Therefore in the case of VCP:2,3 one set of the linear 
equations was defined in each module, so as not to impose any specific relationship 
between the modules. The structure nearest to the average calculated for each module 
was chosen as a representative structure for the calculations. 
No solutions could be obtained with these structures until the errors associated with 
the dipolar couplings were raised to 4 Hz, far above the estimated error of 0.75 Hz. This 
is most likely due to a poor definition of the orientation of the NH bonds, inadequately 
defined by the homonuclear NOE restraints. Based on the rationale that most of the 
NH bonds in NOE-based structures are pointing approximately in the correct directions 
and by demanding that all of the measured dipolar couplings fall between calculated 
minimum and maximum residual dipolar couplings D) a set of solutions was 
obtained in each of the modules and is shown in table 5.1. The difference between the 
two modules is most pronounced in the rhombicity of the tensors. A higher value was 
observed for VCP:3, which is manifested in the more defined orientations of the x and 
y axes in figure (5.5). The slightly stronger alignment (higher D ii values) calculated 
for VCP:2 is an effect of there being more observed RDCs with high absolute values. 
These preliminary results have allowed characterisation of the alignment tensor, a task 
that had proved difficult when based purely on the distribution of the dipolar couplings 
(as discussed above). The precision of the tensor characterisation is defined by the size 
of the error bounds given to the individual couplings. The orientation of the alignment 
(a) 
- 
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tensor is therefore defined by this calculation in two rather broad ranges for each of 
the axes. 
The axes in VCP:2 point in the directions of: 
zz- (O,) = (12±5,50+30)° or (168+5,230±30)°, yy- (102±10,40±50)° or 
(78 + 10,220 ± 50)° and xx - (92 ± 10, 130 + 50)° or (88 ± 10, 310 + 50)°. 
In the VCP:3 the axes point: 
zz - (9,) = (17 ± 5,70 ± 20)° or (163 ± 5,250 + 20)°, yy - (96 ± 5,80 ± 30)° or 
(74 ± 5, 250 ± 30) 0 and xx - (90 ± 7,350 ± 30)° or (90 ± 7,170 + 30)°. 
(c) 	 (d) 
Figure 5.5: The orientation of the alignment tensor. 
The orientation of the alignment tensor of (a) VCP:2 and (b) VCP:3 in the inertia 
tensor's frame of coordinates defined for the nearest-to-average structure of VCP:2,3. 
The directions of the zz axes are indicated in red, yy in green and xx in blue. The ori-
entation of each nearest-to-average module in the inertia tensor's frame of coordinates 
(z-axis pointing up and x forward out of the page) is shown in (c) and (d) for VCP:2 
and VCP:3 respectively. For the definition of the projection used in (a) and (b) see 
the Appendix 8.4. 
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The resulting principal axes of the alignment tensor are presented in figure (5.5) 
mapped onto the reference frame of the VCP:2,3 inertia tensor. In both modules 
the zz axis is pointing in only a slightly different direction to the inertia tensor's main 
axis. The relative orientation of the zz axis of the alignment tensor in the inertia co-
ordinates is approximately the same in both modules implying that the observed tilt 
angle is similar to that of the average amongst the ensemble of NOE-derived structures. 
To provide further examples, ten structures were chosen randomly from the ensemble. 
The results were within the error bounds of the SVD-obtained values of Da and R 
noted in table 5.1. After overlaying the respective modules on the nearest-to-average 
structures used to obtain results in the table a similar distribution of the positions of 
the axes was observed. 
The poorer definition of the x-y plane would imply that the combination of the twist 
and skew angle would be as badly defined as in the case of the "classical" NOE-derived 
solution structure, therefore a more precise approach was needed. 
5.5 Structural calculations using Residual Dipolar cou-
plings and NOE restraints 
Preliminary tests of module alignment using RDCs within the SVD approach as de-
scribed in the previous section showed that RDCs within a single module, which can 
be treated as a rigid body, cannot be satisfied within experimental errors by any of the 
tested structures derived from NOEs. 
The set of 50 NOE-derived structures submitted to the PDB (PDB ID leSg) [59] was 
taken as a starting point for further refinement, the goal of which was to obtain module 
structures that were consistent with the RDCs. 
Calculations were performed using a variant of simulated annealing within the CNS 
programme [39]. This involved the final cooling steps of a protocol that utilises re-
strained molecular dynamics (RMD), originally designed for distance-restraint calcula-
tions. This manner of structure calculations differs from standard method of simulated 
annealing [53, 78, 114] in that although the temperature is gradually lowered during 
structure calculations, the success of each step is not checked according to the probabil- 
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ity calculated from the Boltzmann distribution [110]. Instead all of the conformations 
that are explored along the molecular dynamics trajectories (calculated on the basis 
of forces derived from the included restraints) are allowed, and discrimination is made 
only at the end by selecting a set of structures with low energy. 
All of the experimental restraints used previously [58] were included in these calcula-
tions. The set of ambiguous NOE restraints used was one that had been previously 
filtered in an iterative manner against sets of best structures over ten cycles of the 
refinement procedure using the ARIA approach [113]. Other restraints used were the 
disulfide bonds, and hydrogen bonds inferred from the persistence of amide HNH signals 
after the sample was dissolved in 2 H 2 0. Backbone 4 torsion angle restraints derived 
from three bond 3JHNTh  couplings were also used. All of the parameters defining 
the energy contributions from these parameters were kept the same as before [58]. In 
particular the force constant for the NOE energy was set to 25.0 kcal/mol. 
The energy arising from the RDC restraints, ERDC, was added to the energy function 
which is minimised during the cooling process: 
	
E = ECHEM + Es-5 + EHb0 d + ENQE + Etorsion + ERDC 	(5.3) 
where the appropriate contributions are annotated in the subscript. The ECHEM  term 
represents the empirical chemical information and consists of terms for covalent bonds, 
bond angles, chirality, planarity and non-bonded repulsion. The ERDC  is defined as: 
ERDC = ICRDC { (
D - D) 2 for DIC e (D + AD) 
0 	for DlC  (D ± AD) 
where 	are the measured values of RDCs with experimental uncertainties AD, and 
are the values back-calculated from equation (2.30). 
The restraints on the orientations of NH bonds are imposed by introduction of a 
molecule built of four atoms X, Y, Z and 0. This molecule defines the x, y and z 
axes of the alignment tensor by the orientation of the O-X, O-Y and O-Z bonds, which 
are fixed orthogonal to each other throughout the RMD [27, 154]. In the current 
calculation, two such molecules were introduced, one restraining the orientations of 
the NH bonds in each molecule. The D YY , taken as an average, within experimental 
error, of the most negative RDC values [26], and rhombicity (R) as established by SVD 
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within 4 Hz bounds, were fed into the calculations. A preliminary grid search [26] in 
which rhombicity was varied across the entire distribution observed in SVD approach 
did not show any improvement on the ERDC,  therefore values as shown in the SVD 
portion of table (5.1) were used in the following. 
The force constant for the RDC (kRDC) was geometrically increased, from 0.1 to 10.0 
kcal/mol, during 19 steps of modified simulated annealing that decreased the temper-
ature in 50 K steps from 1000 to 50 K. Each step of annealing consisted of 1.5 Ps of 
molecular dynamics, coupled to the temperature of the system and calculated in 0.005 
ps steps in Cartesian coordinates [18]. It was found that this regime did not allow 
ERDC to minimise during the cooling cycles. In fact the calculated energies rose to 
even higher values than those observed at the highest temperature when the kRDC 
force constant was raised to 2 - 3 kcal/mol. It was subsequently established that to 
allow molecular dynamics to proceed without drastic energy rises, it was necessary to 
decrease the time step to 0.001 Ps (0.003 and 0.002 ps steps were also tested). In order 
for the ERDC to decrease with temperature, the length of the molecular simulations 
had to be increased to 3.0 ps, and to 6.0 ps for kRDC > 3.0. This corresponds to 
a substantial increase in the computational time required for the geometry search by 
RMD to find orientations of the NH bonds satisfying the RDC restraints. Further 
testing established that a more gentle (linear or logarithmic) increase in kRDC  did not 
improve the performance of the calculations. A small improvement was observed on 
slightly decreasing the temperature difference between the consecutive molecular dy-
namics steps, and therefore the final step value used was 45 K. The total time required 
for the calculation of one structure was 1.5 hours on a computer equipped with a RISC 
10000, 196 MHz processor. 
The 21 lowest energy structures out of the 50 calculated with incorporation of RDCs 
were chosen on the basis of the low energies associated with the experimental restraints. 
In each of the structures at most two NOE restraints were violated by > 0.5 A and 
at most two RDC restraints were violated by > 0.75 Hz. There was no NOE-based 
distance restraints that were regularly violated in the new calculations. This indicates 
that it is indeed possible to employ an RDC-based refinement in the final step of 
calculations using the NOE-derived structures and the associated, calibrated, NOE 
restraints. A total of 20 NOE restraints were violated (> 0.5 A) in the 21 structures. 
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Number of NOE restraints per class: 
Ambiguous 887 
Unambiguous 2195 
of which long-range; i --~ [i + (> 4)] 422 
Number of dihedral angle restraints: 54 
Number of dipolar couplings used 
VCP:2 33 
VCP:3 32 
Root mean square deviations: in the ensemble of 	for the structure 
In atom positions: 21 final structures nearest to the mean 
VCP:2 	Ca, N, CO backbone atoms 0.422 0.206 
Cc, atoms only 0.449 0.214 
VCP:3 	C c,, N, CO backbone atoms 0.439 0.260 
Cc, atoms only 0.454 0.261 
From experimental restraints: 
NOEs(A) 0.042+0.009 0.037 
Dihedral angles (°) 1.072+0.376 1.020 
Dipolar couplings (Hz) 0.167+0.038 0.176 
From idealised geometry: 
Bond lengths (A) 0.0044+0.0010 0.0043 
Bond angles (°) 0.481+0.106 0.480 
Assessment of quality according to Ramachandran plot using PROCHECK [96]. 
Residues in 
Favoured and additionally allowed region 96 % 
Generously allowed region 3 % 
Equivalent resolution according to % of residues in A, B, L regions 3.1 A 
Root mean square deviations in atom positions calculated for 
20 randomly chosen out of the 50 NOE-based structures 
In atom positions: 20 structures 	nearest to the mean 
VCP:2 	C c,, N, CO backbone atoms 0.468 0.253 
C c, atoms only 0.485 0.260 
VCP:3 	C c,, N, CO backbone atoms 0.534 0.231 
C c, atoms only 0.559 0.233 
Table 5.2: Structural statistics for the 21 final structures. The VCP:2 is defined as 
residues 9 to 66 and VCP:3 as residues 71 to 124. 
The most frequently violated restraint was the sequential 79Asn H c, - 80Gly HN which 
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A moderate improvement in the rmsd of the overlaid ensemble has been achieved within 
each of the CCP modules, but more importantly the structures after this refinement 
should better represent the orientations of the NH bonds (at least for the RDC re-
strained residues). Some small changes in the relative position of the /3-strands within 
the bodies of the modules have been observed as can be seen in figures (5.6) and (5.7). 
In VCP:2 most of the changes are subtle with differences between the nearest-to- 
mean structures < 0.8 A within the body of the module. Strand 13-17, which was 









Figure 5.6: Comparisons of the structures of VCP:2 and VCP:3. The back-
bones of 20 randomly chosen NOE-derived structures superimposed on the C a atoms 
of the nearest-to-average structure are shown in red. The backbones of the RDC- based 
structures superimposed on the Ca  atoms of the nearest-to-average structure are shown 
in blue. (a) VCP:2 and (b) same module rotated by 180° about the vertical axis; (c) 
VCP:3 and (d) same module rotated by 180° about the vertical axis. 

















Figure 5.7: Rmsd within and between the ensembles calculated with and 
without the RDCs. The rmsd from the average structure (taken separately in each 
CCP module) for C atoms along the backbone are shown in the lower part of the figure; 
the scale is shown on the left. Thin line with shaded area below represents the rmsd 
within the ensemble of the RDC-based structures, and thin dotted line represents the 
rmsd within the ensemble of 20 NOE-based structures. The extent of each module and 
positions of 13-strands are indicated above; /3-strands are marked as shaded rectangles 
and labelled; disulfide bonds are indicated by dashed lines. In the upper part of the 
figure the deviation between the nearest-to-average structures of each ensemble are 
plotted using thick line with scale shown on the right. Diamonds indicate the residues 
for which the RDCs were used in structural calculations. 
of Asp16, together with the change of the alignment (tilted in respect of the body of 
protein) of the well defined preceding and following turns for which RDC restraints were 
used, demands that 13-17 moves towards strand B 2 (residues 19-21). The backbone 
between residues 36 and 43, which encompasses well defined /3-strand E 2 , has been 
twisted from its position in the NOE-based ensemble to satisfy a large number of the 
RDC restraints in this part of the protein. Loop 52-57 became shorter in its highly 
unstructured part encompassing only residues 53-55 in the RDC-based ensemble, with 
the mean conformation of the loop tilted further towards the C-terminus. Turn 62-
65 has been tilted in its orientation towards the body of the module, accompanied 
by a significant change of both ,b and q angles within Arg60: in the nearest-to-mean 
structure of the NOE-based ensemble the angles are (5,) = (-129°, 135°); and in the 
RDC-based ensemble they are (174',156'). 
In VCP:3 the stretch Ser76-G1u86, encompassing part of the loop connecting strands A3 
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and B3 (residues 74-80), strand B 3 (81-83) and loop B 3-C3 (84-87), has a significantly 
altered conformation. In the RDC-based structures residue 76 becomes a part of the 
well defined turn 74-76, restricting the disordered loop to residues 77-78. The well 
ordered strand B 3 becomes further refined with the definition of Asn79 and better 
definition of the following residues 80-83. The orientation of the NH bonds in residues 
79 and 80 tilts the extremity of this turn outwards from the body of the module. Loop 
84-87 remains ill-defined in the RDC-based ensemble with the mean conformation tilted 
closer to strand D 3 (residues 93-98). Residues 102-105 at the beginning of strand E 3 
have an increased rmsd in the ensemble of RDC-defined structures; there are two 
conformations of Ser 104 due to two orientations of the NH bond, both of which satisfy 
RDCs equally well. The change in the orientation of the turn 107-110 is apparent as 
an increased difference between the nearest-to-mean structures in figure (5.7). Residue 
108 is moved closer to the core of the protein while residues 109-110 are moved closer 
to strand D3 (residues 93-98) and away from the core. Loop 114-116 in the relaxation 
study did not appear to be mobile and has several RDCs restraining it. While these 
restraints were not enough to significantly further define this part of the backbone, 
its overall position has changed - it becomes tilted further away from the body of the 
module. This tilt does nor result in a violation of the NOE-derived distance restraint to 
the linker residue 69. The increased deviation between the nearest-to-mean structures 
and improved refinement in the RDC-ensemble at Asp120 reflects the fact that only 
one of the two possible conformations of the turn connecting strands G 3 (residues 117-
119) and H 3 (123-125) present in NOE-based ensemble is consistent with the RDC 
restraints. 
In summary, the local structural changes brought about by the inclusion of the RDC 
restraints can help to refine the ends of the 0-strands, and better establish the orien-
tation of the secondary structure elements with respect to each other. 
It has been noted before that the procedure coded within CNS can sometimes force 
the NH bond orientations to satisfy an arbitrary orientation of the alignment tensor 
rather than minimise the energy by concurrently establishing the global orientation of 
the protein within the tensor coordinates with small adjustments to the orientations 
of the NH bonds [44]. This problem can be tested for by checking that in the low 
energy structures the orientation of the molecular coordinates with respect to the 
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tensor coordinates are consistent. The final structures of each module were therefore 
separately overlaid on the backbone atoms of those residues for which RDC restraints 
were used, and the resulting orientation of the tensor axes was compared. There were 
four separate solutions present in each module corresponding to a 180° turn around 
the X and Y axes of the alignment tensor. The existence of four such solutions is an 
intrinsic property of the alignment tensor, see e.g. figure (5.5). The rmsd established 
for the orientation of the tensor axes (taking into account the four allowed solutions) 
was in VCP:2: 2.58° for z-axis, 6.95° for y-axis and 2.58° for x-axis; in VCP:3 the axes 
were defined within 2.34°, 6.60° and 6.57° for z, y and x axes respectively. 
The magnitude of an error made in the back-calculated RDC due to uncertainty in the 
orientation of the alignment tensor depends on the orientation of the dipolar coupling 
vector within the tensor's frame of coordinates. The residues with HN bonds pointing 
around 0 = 0° are most sensitive to the variation in 0 spherical coordinate, while 
these with HN bonds pointing close to 0 = 90° and 4 = 45° are most sensitive to 
the variation in ç coordinate. For an alignment of the strength observed here (which 
results in Da < 9.2 Hz) the error made due to variation of q by 7° (through change in 
the orientation of the tensor within the xy plane) is at the most 0.6 Hz, which is below 
the experimental error, and within the bounds used for the structural calculation. A 
variation of 3° in 0 (due to change in the orientation of z axis of the tensor) can on 
the other hand bring about up to 1.4 Hz change in the expected RDC. This lack of 
precision can be explained by the fact that there are no restraints for those residues 
whose NH bond vectors lie close to D,, used for the calculation. There was in fact 
only one high positive value measured, but it coincides with a residue that is highly 
mobile (is-ms time-scale) and therefore was not used for the structure calculation. 
Clearly the number of distance restraints within each module was sufficient to allow for 
only small corrections to the orientations of the NH bonds, while the overall rotation 
was the major factor in reducing energy in the RMD steps. The uncertainty in the 
definition of the alignment can be explained by the experimental uncertainty of RDCs. 
This is indicative of the quality of the dipolar coupling measurements; if among RDC-
derived restraints there had been a large number of restraints carrying systematic 
errors, a random position of the tensor would be likely to occur. 
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5.6 The relative orientation of the refined modules in-
ferred from the dipolar couplings 
In the process of refining the molecular structure of each module a set of four equivalent 
orientations of the alignment tensor towards each module was found. The existence 
of the four solutions is a direct result of the symmetry of the expressions for the 
RDCs which allows inversion of the orientation of each axis while keeping the right-
handedness of the system of coordinates. The orientations of the unique axes of the 
alignment tensor, taking into account these four solutions, are shown in figure (5.8) 
in the molecular coordinates of the inertia tensor of VCP:2,3. The inertia coordinates 
of the closest-to-average structure present in the NOE-derived ensemble of structures 
was retained by overlaying the backbone of each of the modules on those shown in the 
figure (5.8 (c),(d)). As can be seen the uncertainty of the orientation of each axis is 
now greatly reduced. 
Figure 5.8: The orientation of the alignment tensor within refined coordinates 
of VCP:2,3. The orientation of the zz axis is shown in red, yy in green and xx in blue. 
The coordinates of each of the refined modules were overlaid on those in the inertia 
tensor coordinates of the nearest-to-average structure from the original ensemble of 50. 
(a) VCP:2 and (b) VCP:3. For the orientation of the modules in this coordinates see 
figure (5.5). 
Assuming that the alignment of both modules can be described by the same tensor 
the possible inter-modular orientations can be deduced by rotating each module in 
such a way that the axes of the respective alignment tensors overlap. From the four 
solutions for each module (figure 5.9), two feasible independent protein structures 
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Figure 5.9: The possible relative orientations of the VCP:2 and VCP:3 mod-
ules. The modules are shown in all four orientations that fulfill the orientation of 
the NH bonds within the alignment tensor - here shown with X-axis pointing forward 
out of the page, the Y-axis pointing to the right and Z-axis pointing up. The N- and 
C-termini of the VCP:2,3 protein are marked with spheres (N-terminus of VCP:2 and 
C-terminus of VCP:3). 
could be assembled, while a further six were the symmetrical copies of these and the 
remaining eight combinations resulted in modules overlapping each other, with the C-
and N-terminus of the protein pointing in the same direction. The inferred modular 
orientations produced a linearly extended VCP:2,3 with tilt angles of 23° or 41°, both of 
these values fall within the orientations observed in the original set of NMR structures 
[59]. However the skew and twist angles are different, resulting in each of the two 
possible RDC-refined structures having VCP:2 turned by about 900  around the long 
axis compared to the original structures. Such an orientation preserves the relative 
proximity of the loops to the linker residues Ser68 and Va169 which are the only two 
that have NOEs to both modules namely Tyr39,His4O and Asp9l for Ser68, and G1y38 
- His40 and C1y115 - Glull7 for Va169. It is difficult to make precise statements about 
the expected NOEs between these residues since the RDC-based assembly of the two 
modules does not provide information on conformation of the linker residues. 
(c 0 -, 
Sk 	-- 	- 
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270° 	 90° 
Figure 5.10: MOLSCRIPT [87] representation of the possible alignment of 
VCP:2 with respect to VCP:3. (a) and (c) the two equally possible arrangements 
of the modules inferred from the orientation of the alignment tensor. Structures have 
been arranged to overlay in VCP:3 with the orientation shown in figure (5.5c). The 
tilt, skew and twist angles are shown schematically in the middle, filled circles for (a) 
and open circles for (c). The blue x symbols indicate range of angles obtained in NOE 
based structures and the red diamond symbols the angles present in crystal structures 
[112]. In (b) and (d) the same structures are shown rotated 90° clockwise around the 
vertical axis. 
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5.7 Technical summary 
The main problem in measuring the dipolar couplings has proven to be finding a 
suitable liquid crystalline medium, which is water based, stable in the aligned phase 
at low concentrations and usable in conditions at which the protein of interest remains 
folded and does not interact strongly with the medium. Since 1997 a number of such 
dilute liquid crystalline media have been suggested in the literature (reviewed in section 
2.8.2), however their stability has proved difficult to predict and generally each medium 
had to be selected on a trial and error basis for each new protein. In the case of VCP:2,3, 
out of several systems tried, only the filamentous phage dispersion proved to be stable 
enough (section 3.2). Preparations made for C111:15,16, however together with Dr. 
B.O Smith [146], showed that for this closely related protein a phage suspension is 
not suitable. Instead, the cetylpyridinium bromide (CPBr)/hexanol in NaBr solution 
provided a stable, aligned phase in the case of C111:15,16. In the work of Graeme Ball 
(Chemistry Dept., University of Edinburgh), DAF:2,3 was found to be aligned in the 
same medium. It appears therefore that CPBr/hexanol is generally applicable in the 
case of CCP module-containing proteins. 
Once a suitable medium has been selected the NMR techniques for measurement of 
RDCs proved very effective. The IPAP experiment used in this work has as good a 
sensitivity as the HSQC method, allowing acquisition of high S/N spectrum, ready 
for extraction of the residual dipolar couplings, overnight using about one third of the 
concentration of the protein needed for full assignment of NOESY spectra. 
Torsional space RMD calculations are more effective than those performed in cartesian 
space, and would be faster in the calculation of the RDC-based refinement, where the 
bond angles are restrained. They are not generally used for NOE-derived calculations, 
because each step in calculating forces and energy requires reverting,to distance space 
and then returning to torsional space for the following step of the RMD - this process is 
computationally demanding. The inclusion of a large number of RDC-based restraints 
moves the balance towards torsional space calculations and this approach would be 
more appropriate when a larger number of restraints is available than the set used in 
this work. 
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A single set of RDC restraints allowed for small structural adjustments within the body 
of each module. Their significance was shown when correlating the relaxation rates to 
the (see section 6.2.1) protein structure in fitting of the diffusional tensor. 
Chapter 6 
Dynamics 
This chapter presents the relaxation data obtained for a variety of CCP-containing 
proteins and discusses its interpretation in terms of the dynamical behaviour of the 
proteins. 
Dipole-dipole interactions (DD) and chemical shift anisotropy (CSA) are primarily re-
sponsible for the relaxation of NMR signals arising from spin 1 nuclei of diamagnetic 
molecules. In liquid NMR rotational Brownian motion of diffusion and local internal 
motion are the main processes behind relaxation. These processes randomly change 
the orientation of the principal vector of the interaction with respect to the magnetic 
field. Since the static magnetic field in modern spectrometers is to a good approxima-
tion uniform throughout the space in which the sample is placed, the position of the 
molecule within the sample has little influence on the magnetic field it experiences, 
hence translational diffusion contributes very little to the relaxation processes. A typ-
ical NMR sample consists of mM concentrations of protein so the measured properties 
are both time- and ensemble-averaged. The ergodic theorem states that in a system at 
equilibrium, and under the influence of a static field, the time and ensemble averages 
are equivalent [108]. Therefore a description of relaxation taking into account either 
type of averaging is valid. 
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6.1 The relaxation rates 
The effect of molecular motion on the relaxation of NMR signals is quantified in terms 
of the spectral density function J(w) [1, 100]. For the ' 5 N nucleus with a bound pro-
ton relaxation is governed by the DD and CSA mechanisms, and the relaxation rate 
expressions are [1]: 
R i = 	= d2[J(w - WN) +3J(WN) +6J(WH +WN)]+ c2 J(wN) 	(6.1) 
R 2 = - = —[4J(0)+J(WH 
T2 	2 
+ - [3J(wH) + 4J(0)] 	 (6.2) 
NOE = 1+ 
7H[6j( 
 + WN) - J('H - WN)] 	 (6.3) 
7N 
where d and c are defined as: 
	
d - POIYNYH 	-YNB0(a11 - a,) 
- 4 2rNH 	= 	
( 6.4) 
In this work the length of the NH bond was assumed to be rNH = 1.02 A and chemical 
shift anisotropy (a11 - a,) = -172 ppm [6]. The relaxation rates do not sample the 
spectral density function uniformly, but rather at the specific frequencies associated 
with the resonance frequencies of the spins involved (here ' 5 N and 1 1-1). Nevertheless 
NMR relaxation therefore provides an insight into the dynamical behaviour of the 
molecule at these frequencies. 
Tables presenting the relaxation rates measured for the protein samples discussed in 
this thesis are presented in Appendix 8.5. 
6.1.1 Chemical exchange 
In this section the results of experiments mapping the residues undergoing slow [is-ms 
motion are described. Changes in the R2 and R 1 rates are tested for the presence of an 
exchange contribution and the cross-relaxation rates (ij,) are employed to verify these 
results. Residues that are involved in a slower chemical exchange than that observed 
in the standard experiments are indicated by the change in the apparent transverse 
relaxation rate when an altered CPMG pulse sequence is applied allowing for a variable 
delay (the experiments are described in section 4.3.4). 
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In addition to relaxation described by the spectral density function the apparent trans-
verse relaxation rate R may carry a contribution from the chemical exchange process. 
The chemical exchange process describes slow change (with R;' of fis-to-ms) in the 
environment surrounding the nucleus whose relaxation is being monitored. The change 
in environment may be due to a change of conformation (also referred to as confor-
mational exchange) or due to a chemical reaction in which the relaxing nucleus is 
exchanged between two molecules. Chemical exchange is a random process leading 
to the nucleus losing its phase coherence with the rest of the pool and, macroscopi-
cally, to the dephasing of the transverse magnetisation that contributes to transverse 
relaxation, giving an apparent [25]: 
RR2 +Rex . 
	 (6.5) 
Chemical exchange has to be considered separately from the spectral density function 
as it describes motion slower than the Brownian tumbling in solution and therefore 
it cannot be described by the averaging in equation (6.11). The slow motion (its-ms 
time-scale) of loops and whole domains of the protein is of biological interest since it 
has been indicated as playing a role in protein interactions [16, 43, 70, 165]. 
The contribution from chemical exchange has to be separated from the actual R 2 
relaxation rates before the effect of the anisotropic rotational diffusion on relaxation 
rates can be discussed. The simple test for chemical exchange as opposed to the 
anisotropy effect is that while both processes can increase R 2 , anisotropy but not 
chemical exchange decreases R 1 at the same time. The test for a significant exchange 
contribution therefore consists of two parts 
- R2 is significantly increased: R 2 > (R2) + s.d. and 
- R1 is not significantly decreased, 
which can be formalised in the empirical relationship given by Barbato et al.: ((T2 ) - 
T2 )/T2 > 3 x (T 1 - (T1 ))/T1 [7]. An alternative relationship was given by Tjandra et 
al.: ((T2) - T2 )/(T2 ) - (T1 - (T1 ))1(T1 ) > 1.5x(s.d.) [153], where s.d. is the standard 
deviation taken over the entire left hand side of the inequality. In the current work the 
Barbato et al. criteria were used. Several residues were shown by this method to have 
transverse relaxation rates increased by chemical exchange. 
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Residues showing substantial R( X contribution 
Figure 6.1: Conformationally exchanging residues in MCP:1. Residues found to 
be undergoing conformational exchange are shown as ball-and-slick and labelled in red. 
Addt ioiiallv. Asii3 (ball-an(I-stick) together with N-linked oligosacchari(le (space-fill: 
in the conformation observed in t he crystal structure) are shown. 
In I\ICP: I resid lies ii n(lergoing a significant chemical exchange were D I . Fll, T5 
and \V6. It is interesting that N3 (for which relaxation data is not available) is 
the glycosylatioii site in MCP:l . The exchanging residues and the glycosylation site 
together with the attached oligosa.ccharide (showii in the coiiforiiiation seen ill the 
crystal struct itre. Pl)B i(I Icki) are shown in figure (6.1). The flexibility of the loop 
containing this residue could be a natural feat ii re of intact M( 1. as the 81-5 loop 
is 1)ositionedl. ill the 31) structure close to the N-t.erniinus of the protein. lii the 
construct used for NMR studies. only the first monosaccharide (GIcN Ac) was retained, 
while in the native protein this site is occupied by an eXtefl(led oligosaccharide [105]. 
It is feasible that several conformations interconverting on the ps-ins time-scale would 
allow the native oligosa.ccharide iiioiety to move freely, without forcing the loop into 
ii tifavourable conformations. 
In V('P:2.3 the residues which are undergoing chemical exchange according to these 
criteria were: \3. 0119 and S151 (in this chapter all residues in \(P constructs are 
reported in I he mia.t ive sequence numbering). see figure (6.2a) . Valimie 83 is present in 
lie 1oop at Ole N-terniinus of V('l':2,3 that is involved in the interface with V( 'P: 1 in 
mt act V( 'P [112]. Residue D149 in t lie 149-150 loop is notable in t hat it is involved in 
(a) 
151 
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an NOE contact to the linker residue S126 (D1-49l l-,--'-)126l1,' , ). S151 is positioned at 
the beginning of the following 3-strand and its backbone is involved both as a donor 
and an accept or in hydrogen bonds wit Ii ('111 [59]. Conformational exchange at I he 
beginning of well-structured parts oft he protein allows for the greater flexibility in the 
preceding 100 1 ) . 
In VC 1 1 :3.1 only two residues: Y155 and G232 were noted to have a considerable 
contribution from slow motion to their transverse relaxation (see figure 6.2c). The 
tyrosine has its side-chain buried in the hydrophobic core of V( 'P:3. wit Ii its backbone 
accessible at the surface, while G232 is positioned in the 1001) also containing 1 1, 231 
(not accessible to 15 N relaxation) that is involved in the hydrophobic interactions with 
1161 and V 185 defining the structure of the interface between V('P:3 and V('P:-1 [169]. 
Ili t he ('RI (01151 riicts. many more resid lI('s display chemical exchange according to 
(b) 	 (c) 
160 
159 
V( P : 3 	164 
I 
75 
:2 	 80 
V(P :1 
V('P : 3 
Figure 6.2: Conforinationally exchanging residues in VCP:2,3 and VCP:3,4. 
Residues found to he undergoing, conformational exchange are shown in space-fill mode. 
Rcsi(l ucs undergoing clieiiiical exchange on I lie time-scale up to 0.4S ins are shown in 
(a) \('P:2.3 and (c) \( 'l:3. I: residues in \( '1:2.3 undergoing exchange on time-scale 
0.5 - 5 ms are shown in (b). Ili (a) residues 76. 13g. 142. 159 and 169 in VCP:2.3 have 
been detected by comparing 1hy  and R. described further in this section. Residues 
involved in \OE contacts with the exchanging ones are shown as ball-and-stick in (a) 
and ( b) . Residues in \i'P:3.4 involved in hydrophobic interaction wit Ii amino acid 
adjacent to the mobile G232 and contributing towards the inter-modular interface [169] 
are shown in ball-and-stick mode in (c). 
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Hie l3arbato et al. criteria. In ('111:15.16 the residues are: 910. 911. 926. 930. 931. 
941. 919. 950. 961. 972. 90-91. 986-98. 994. 1001. 1012. 1011. In ('R1:16.17 the 
exchanging residues are: 961. 973. 978, 90. 983. 9l. 987 991-995, 1001. 1019. 1023. 
1025. 1047. 1052. 1072. 1073. 1075. 1076. 1080. 1082. The amides of these residues 
are shown in space-fill representation in figure (6.3) in the context of the tertiary 
sl.riicl tire of ('II 1:15. 1(i and ('131: 16.17. The highest concentration of the exchanging 
residues can be found in the common module. io. in the 1001) between strands B and 
D (978-984) and within strand D (985_99). Generally throughout Hie backbone the 
(a) 
CH I : 16 
CR! : 15 
(b) 
('RI : 17 
('RI : 16 
(c) 
- us 	• 	- u 	• - 	.. - 
B D 	F B 	D 	E 	F G H D 	E 	H 
U 	U •••• • ._ . . -- 
900 	920 	940 	960 	980 	1000 	1020 	1040 	1060 	1080 
Residue number 
Figure 6.3: Conformationally exchanging residues in CR1:15-17. NI! bonds 
of residues found to be undergoing conformational exchange are sliowii in space-fill 
mode. in (a) for CH I:1.5.16 and in (b) for ('R 1:16.17. CR1: 16 is shown in the same 
orient at ion in (a) and (b). (c) residues indicated in cheiiiica.1 exchange (C111: 15J6 
red and ('111:16.17 blue) are shown along wit Ii the secondary structure elements and 
residue numbers in iia t lye sequence of ('11 I.  
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exchanging residues are positioned at the boundaries between the loops and the 3-
strands, which is indicative of several conformations being available to the loops and 
hinge-like movement between them. The presence of Rex contributions has been noted 
to be indicative of well-structured proteins in which the mobility becomes localised in 
a few points along the backbone, especially in loops [13]. 
CPMG with variable delay 
If R 	R2  + Rex is measured using a CPMG sequence (see section 4.3.4), then the 
Rex contribution from the exchange between two sites can be expressed by: 
2Tex 	( r_ )] 	 (6.6) Rex = 4 2 (v - 1'2)2PiP2Tex[1 - 	tanh 
Tp 	2Tex  
Where vi and pi are resonance frequencies and populations respectively of the nuclear 
spin in site i, Tex is the lifetime of the exchanging sites and r, is the delay between 
180° pulses in the CPMG sequence [2]. 
The practical effect of the relationship (6.6) is an upper limit on the Tex for the de- 
tectable chemical exchange, which is in the order of Tex 	In the standard pulse 
sequence used in this work for the measurement of transverse relaxation 	was set to 
0.9 ms and only very fast exchange Rx was detectable with an upper limit of Tex  of 
about 0.45 ms. 
The pulse sequence measuring i, which contains equal contributions from in-phase 
and anti-phase signals relaxation, described in section (4.3.4) is designed to allow longer 
r in the CPMG sequence while controlling JN, evolution. This experiment has 
been performed on VCP:2,3. The difference between the apparent i obtained in 
experiments with r of 1 and 8 ms is shown in figure (4.10) on page 88. There are 
clear differences in the relaxation rates observed for a few residues, with the largest 
one observed for G1y160 (sequence number 102 in VCP:2,3 fragment shown in figure 
4.10) which shows a Rex contribution of 7 s_i.  On the other hand as the precision of 
this experiment is low, it is difficult to discuss residues with small R ex contributions. 
For example there is no physical explanation of the negative values of the difference 
[(8 ms) - R*(1 ms)]; the minimal error made in this experiment must be at least 
± 1 s_i as values up to -1 s are observed. The errors plotted in figure (4.10) 
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have been calculated from the small errors propagation [14] of the uncertainties in 
fitting relaxation rates; this appears not to be representative of actual experimental 
uncertainty. 
Residues in VCP:2,3 for which the apparent contribution from chemical exchange is 2 
or more are: N75, 180, H98, S159, G160 and 1164 (VCP:2,3 sequence numbers in 
figure 4.10 are 17,22,40,101,102,106). These residues are shown in figure (6.2b) in the 
context of the tertiary structure (using native sequence numbering). N75 and 180 flank 
the first properly formed 0-strand of VCP:2 (strand B), while H98 is involved in NOE 
contacts with residues 125-127 in the linker. S159 and G160 are positioned pointing 
towards the putative interface to the absent VCP:4 module; in particular it is known 
that Y161 is buried in the VCP:3-VCP:4 interface [169]. Since the interface between 
VCP:3 and VCP:4 is known to be relatively well-defined and rigid, presumably this 
motion is an effect of the truncation of this protein. 1164 is positioned at the end 
of the strand E and the beginning of the so called 0-bulge in VCP:3, it lies between 
the conserved L163 and G165. The residues shown to undergo the 0.5 - 5 ms motion 
complement those undergoing faster motion (up to 0.45 ms) obtained by comparing 
rates R1 and R from standard experiment with = 0.9, see figure (6.2b). 
Because of the uncertainty of this experiment and the sensitivity range of 0.5 - 5 ms 
for the life-time of the exchanging sites, further approaches were devised to help and 
characterise the conformation ally exchanging residues and in particular to discern those 
residues in which at a standard r, = 0.9 there is a considerable contribution. 
Cross-correlation 
Because of their similar dependency on the orientation in the magnetic field, relaxation 
processes due to DD and to CSA can interfere (cross-correlate) with each other. This 
creates a non-zero probability of spins' coherences cross-relaxing between in-phase (i.e. 
S, S) and anti-phase (2IS, 21S) transitions [51]. 
The cross-correlation results in an asymmetry in the scalar coupled multiplets, with 
the up-field component (transition o/3 -* w) relaxing faster then the down-field corn- 
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ponent (transition 00 —+ j3o) giving [155]: 
Rup = R2+ii 
R0umn = R2 - lixy, 	 (6.7) 
where R2  describes "normal" (auto-) relaxation due to DD and CSA and 77x y describes 
the cross-relaxation due to the interference between the two processes. The asymmetry 
of scalar coupled multiplets is used in the TROSY [124] type of experiments where J 
coupling is not refocused but the most slowly relaxing cross-peak is selected. Thanks 
to the selection of slow relaxation, this technique allows one to perform liquid NMR 
experiments on larger proteins. 
The cross-relaxation rates for transverse relaxation are defined as [51]: 
rixy = _cd[3cos29 - 1](4J(0) + 3J(WN)), 12 
where c and d are as defined in equation (6.4), 9 is the angle between the unique 
axes of the CSA and dipolar tensors, and J(w) is the spectral density function for the 
cross-correlation, which in principle is not identical to the spectral density function 
for auto-relaxation [48]. The transverse cross-relaxation rate ij, unlike the transverse 
relaxation rate R2 , is independent of the chemical exchange processes [155]. It was 
therefore used here to find those residues undergoing a substantial chemical exchange 
by comparing ?Ixy with the R rates. 
As can be seen in figure (6.4) the transverse relaxation as well as cross-relaxation rates 
of the bulk of VCP:2 are different from the bulk of VCP:3. In each of the modules 
the highly flexible (in the fast regime) unstructured terminal residues can be seen as 
those with both low R2 and low r. The residues with high R 2 without a concomitant 
increase in i, are: in VCP:2, G76 and 180; and in VCP:3, G138, G142, D149, V152, 
S159 and V169. 
This experiment is important because it allows the identification of residues with a 
substantial contribution from exchange to the measured R 2 . For the analysis of protein 
dynamics described later in this chapter, such residues have to be pinpointed to allow 
distinction between variation in R2 due to anisotropy of diffusion on the one hand, and 
that of the genuine chemical exchange on the other. 





















5 	7 	9 	11 	13 	15 
R 2 1S-1 1 
Figure 6.4: Correlation between measured transverse relaxation and cross-
relaxation rates. Residues with R 2 relaxation rates substantially higher than the 
bulk of the results for the appropriate module, and q, not comparably increased, as 
well as these with both low R 2 and 77., y have been labelled according to the sequence 
of intact VCP. The rates for the residues found in VCP:2 are coloured red and these 
in \TCP:3 blue. The residues of the cloning artefact preceding VCP:2 are numbered 
relatively to that construct and marked with star (a). 
Finding chemical exchange from the field dependency of relaxation rates. 
The measured R will carry a contribution from any chemical exchange present R = 
R 2 + The chemical exchange contribution will add to the value of the apparent 
spectral density function at 0 Hz J'(0), see equations (6.1) to (6.3). From these equa-
tions, using the average (J(WH)) as defined in section 6.4, R - R1 can be expressed 
as 
- R1 = (3d2 + c2 )J(0) + R,, + 3d2 (J(WH)). 	 (6.8) 
Substituting AB =Rex , and noting that the high frequency term is small compared 
with the rest of the equation (6.8) [1], it can be rewritten as a linear regression in B: 
R; — R1 = ( c J(0)+A)B+2d2J(0), 	 (6.9) 
with slope a and intercept b defined by braces in equation (6.9). From equation (6.9) 
it can be seen that J(0) and Rex can be separated by measuring R and R 1 at several 
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magnetic fields and then fitting R - R 1 to a linear regression in B. Then J(0) and 
Rex can be separated based on the values of the slope and intercept of the regression 
[125]: 
cl J(0) = bd2 	Rex = B[a - 	 (6.10) 
To approximate chemical exchange contributions to R the relaxation rates R 1 and R 
in VCP:2,3 were measured at 500, 600 and 800 MHz. Fitting on the basis of three fields 
is not precise enough to reliably measure very small chemical exchange contributions. 
However those residues exhibiting large contributions from chemical exchange can be 
easily identified by comparing their field dependency to the average for the body of 
the protein. Those residues for which the slope difference between a fit using 500 and 
800 MHz data only, and 600 and 800 MHz data only, was 30% or more were removed 
from further analysis. These residues were R65, N94, G96, S103, GilO, A121 in VCP:2 
and S131, N137, G138, E144, S156 - G160, S167, V185 in VCP:3 These residues have 
lower than average intensity of their cross-peaks, and a few had partially overlapping 
cross-peaks especially in the 500 MHz spectrum. 
The averages in VCP:2 and VCP:3 were: 
module average slope s.d. slope average intercept s.d. intercept 
VCP:2,3 0.0175 0.0056 4.9 1.2 
VCP:2 0.0198 0.0066 5.1 1.4 
VCP:3 0.0150 0.0046 4.7 1.3 
In this study residues with a 25% steeper slope were considered to have a significant 
contribution from Rex (which is close to the s.d. of the observed values), which trans- 
lates to the smallest detected exchange rates being Rex = 3.5 s_ i in VCP:2 and 3.0 
in VCP:3 when measured at 600 MHz. 
There are four residues in the sequence of each module for which the slope of the linear 
regression was significantly steeper according to this criteria then the average for this 
module. These residues are Gly82, Va183, Phe85, Ser87 in VCP:2 and Asp149, Serl5l, 
Va1169, Cys171 in VCP:3. These residues coincide with or surround those established 
by other methods, as shown in the first section of this chapter, to be undergoing a as 
- ms regime of motion. However, the persistent deviation from linearity with R 2 -11 1 /2 
at 600 MHz consistently higher than the values expected from R 2 -R1 /2 values at the 
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Figure 6.5: R - R1 as a function of B in VCP:2,3. Residues, in which the linear 
correlations of [R - showed a slope steeper than the average by at least 25% 
are marked in the figure, those from VCP:2 are shown in (a) and those from VCP:3 in 
(b); for clarity the intercepts fitted in each residue are adjusted to the average. The 
solid lines indicate an average correlation fitted in the respective module and data for 
a residue with the slope close to the average (78 or 129) are shown in each figure. 
other field strengths, and broad distribution of slope and intercept values within the 
body of the module, renders this method of detecting the chemical exchange unreliable. 
residue J(0) '' Rex©600MHZ 
Gly 82 2.63e-09 2.66e-02 5.28s -1 
Val 83 3.85e-09 3.12e-02 6.19 
Phe 85 1.47e-09 2.97e-02 5.89 s 
Ser 87 3.90e-09 2.06e-02 4.09s -1  
Asp 149 5.38e-09 1.40e-02 2.78s -1  
Ser 151 4.73e-09 1.39e-02 2.76s -1 
Val 169 3.91e-09 1.35e-02 2.69s -1  
Cys 171 3.39e-09 1.44e-02 2.85s -1 
A similar procedure was undertaken for the CR1 fragments. Only relaxation rates col-
lected at 600 and 800 MHz were however available for these proteins. The uncertainty 
of the calculation of two parameters defining a line through two points is too great to 
draw any conclusions about the residues with chemical exchange contributions. Some 
residues in CR1, which were identified, as being in fast exchange, by comparing R 1 
and R2 rates, also have slopes increased by at least 30%. In CR1:15,16 these are: 910, 
911, 949, 950, 980, 986 and in CR1:16,17: 980, 983, 984, 987, 991, 993, 1047, 1075. 
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module average slope s.d. slope average intercept s.d. intercept 
CR1:15,16 0.034 0.013 3.2 2.4 
CR1:15 0.034 0.015 3.1 2.5 
CR1:16 0.034 0.010 3.3 2.4 
C111:16,17 0.0201 0.0069 7.1 1.7 
CR1:16 0.0213 0.0074 6.8 1.8 
CR1:17 0.0171 0.0067 7.3 1.9 
One more observation is worth making despite the imprecise nature of the data: the 
average intercept is directly related to the spectral density function taken at zero 
frequency, and therefore to the rotational diffusion correlation time of the molecule 
(eq. 6.13). Since a rigid body has to necessarily diffuse as one entity, the fact that the 
average intercepts are close to the same value in both modules in CR1:15,16 and differ 
between the modules of CR1:16,17 and VCP:2,3 is indicative of increased flexibility 
(on the time-scale affecting the diffusion) in the latter constructs. 
6.2 Rigid body diffusion 
The effect of Brownian motion of a molecule on the orientation of a vector embedded 
in the molecule can be expressed in terms of the auto-correlation function C(, + t) 
This function represents the correlation between position or orientation of a molecule 
at time + t with respect to an earlier time e. For a system in thermal equilibrium it 
is irrelevant when the observations are made and consequently the function depends 
only on the time elapsed between the observations: C(t) [108]. 
For a rigid body the auto-correlation function of a vector embedded in a molecule can 
be expressed as an ensemble-average of the orientation dependent terms in DD and 
CSA over all possible orientations: 
C(t) = (c()c( + t)Y20 	+ t)1)ensemble. 	 (6.11) 
Where Y20 [Q(t)] are the spherical harmonics of the polar coordinates 11(t) of the vector 
describing the direction of the interaction, while c(t) contains information on the type 
of interaction, and in the equations (6.1-6.3) gives rise to the constants c and d. The 
ensemble-averaging removes the absolute time dependency leading to [42]: 
c2(t) = 	a1e_t/Tz. 	 (6.12) 
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Any rotational diffusion can be described by 10 parameters: the five independent 
correlation times r and their corresponding amplitudes a,. 
The corresponding spectral density function J(w) is obtained by the Fourier transform 
of c 2 (t): 
= 	1 	
(6.13) 
In the case of isotropic rotational motion, as expected for proteins with a shape close 
to the ideal sphere, the spectral density function simplifies to just one component with 
a = 2 and rotational correlation time Tr  The axially symmetric motion is described by 
three components with a 1 = (3 cos2 9 - 1)/4, a2 = 3 sin  9 cos2 9, a3 = (3/4) sin  9 and 
three relaxation times defined as = (6D ±), r2 = (5D± + D11)' and 7-3 = (2D± + 
4D 10' where 9 is the angle between the major axis of the diffusional tensor (denoted 
parallel ii)  and the NH bond, and D11 and D1 
are the parallel and perpendicular 
components of the diffusional tensor. The axially symmetric tensor is also frequently 
described by giving the rotational correlation time Tr  that corresponds to a mean, 
weighted with al correlation time: Tr = E3 1 a17-1 and the ratio of D 11 /Dj express the 
deviation from an isotropic rotation. D11 /Dj is referred to as axial ratio of the diffusion 
tensor, or the axial ratio within this work; it is not identical to the axial ratio (a/b) of 
an ellipsoid describing the actual shape of the protein, although it correlates with it. 
6.2.1 The effect of protein diffusion 
As can be seen in equations (6.1 - 6.3) the effect of protein diffusion on the relaxation 
rates is coded via the dependency on the spectral density function. If the core of the 
protein can be treated as a rigid body then the spectral density function is represented 
by equation (6.13), which allows one to obtain an estimate for the overall rotational 
correlation time r,., or the parameters a, and r of the more complicated diffusion 
models from the R2 /R1 ratio [72]. In the case of anisotropic diffusion the orientations 
of the NH bonds within the protein have to be derived from the atomic resolution 
structure to obtain the amplitudes al. This approach is limited to these residues which 
can be shown to undergo only a spatially restricted and very fast internal motion, and 
which therefore can be treated as a part of a rigid body. NMR allows detection of 
residues which are significantly mobile on the 10_11 - 10 s time-scale, as those that 
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have lowered ' 5 N-'H NOE values. Residues which are undergoing chemical exchange 
(10_6 - 	s time-scale motion) also have to be removed from consideration. 
The simplest case investigated within this project was the the single module of MCP, 
MCP:1. For this protein both NMR and X-ray structures have been solved and both 
were used to analyse diffusion of this protein. 
The two module constructs VCP:2,3, VCP:3,4, CR1:15,16 and C111:16,17 were analysed 
on the basis of NMR-derived structures. Both the homonuclear NOE based structure of 
VCP:2,3, and the residual dipolar couplings-refined one, were used to discuss diffusion 
of this protein. 
MCP:1 
The isotropic rotational correlation time for MCP:1 was established, from the R 2 /R1 
ratio of residues not implicated in internal motion, to be 4.51 + 0.01 ns. 
Subsequent fitting to the axially symmetric and fully anisotropic models based on the 
available X-ray structure [23] revealed a significant improvement in the description of 
the R2 /R1 with rr = 4.50 ± 0.01 ns and D111Dj = 1.35 + 0.02. The long axis of the 
diffusional tensor was close to parallel to that of the inertia tensor, 9 = 14 ± 2°, 0 = 
—111 ± 2°. The reduced x2  of this fit was 3.08 and F statistic for the improvement of 
the fit was larger than a value corresponding to 5% probability of random improvement 
upon adding extra parameters. Further fitting to the fully anisotropic model did not 
improve the description significantly (the value of the F function was small). 
The NMR structure, which became available subsequently was also used to analyse 
the same data but showed a lower anisotropy with r = 4.49 ± 0.01 ns, and D111D j = 
1.19 ± 0.02 with the long axis of diffusion orientated with respect to the long axis of 
the inertia tensor by 9 = 15 + 2° and q' = 159 ± 1°. The value of the reduced x2 
was 3.96, which was significantly worse than when using the crystal structure. In this 
case the statistical improvement of the fit was on the borderline of significance (the 
experimental F statistic was 1.06, which is at the level of 25% probability of simulated 
distribution). There was no improvement when fully anisotropic diffusion was used to 
represent the relaxation rates. This calculation was performed using the nearest-to- 
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iieaii N\lF structure. 
The structures of MCP:1 obtained from X-ray crystallography and solution NMR do 
not differ significantly overall. The rmsd for heavy atoms in the backbone of the 
nearest-to-average NMR structure from the crystal structure was 0.523 A. while the 
equivalent rnisd among the ensenll)le of 23 N\IR structures was 0.635 A. The difference 
in the obtauteci anisotropv ittust stein froni a different orientation of the M l vectors 
within the respective struct tires. In figure (6.6) the NH bonds of the ensemble of NM R-
derived st 111(1 ures are compared to those of I he crystal struct tire. It can be seen I hat 
for most of the well structured residue.,; the Nil bond orientations appear very similar; 
most differences occur amongst those residues in loops where the measured ' 5 N-'H 
NOE was low, which indicates high aimi put tide of internal motion. These residues were 
not used in the fitting of the diffusioimal tensor. Therefore. the differences that cause 
the tensor to be less aiiisotropic. when fitted with the NI\IR structure, are itot easily 
observable in the figure. These differeiices become more apparent however when the 
spherical harnioiiics ( , 2 x (3 c0s0 2  in the molecular frame of the diffusional 
tensor are also Plotted (fig. 6.7). The higher a.nisot.ropy obtained from calculations 
(a) (b) 
Figure 6.6: NH bond orientations in the crystal structure and the ensemble 
of NMR structures. The NH bonds ill the ensemble of 23 N\1R struci lies uI 
MCP: 1 are i lt(hicat ed ill red. The trace t hirough the backbone of t lie nearest-to-average 
strt1(t.t1i€' is drawn iii black and tile Nil bonds in this structure are drawn as black 
sticks. The Nil 1)011(15 in tile crystal structure are rendered as blue sticks. (b) view 
90 0 rotated around the vertical axis froiii (a). 
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Figure 6.7: Y spherical harmonics describing the orientation of NH bonds 
in the molecular frame of the diffusional tensor of MCP:1. The R2 /R 1 values 
for the residues used in establishing the diffusional tensor are shown as dots, the scale 
is shown on the left. The spherical harmonics taken from the diffusional tensor coordi-
nates in the closest-to-average NMR structure are shown as solid thin bars and those 
in the crystal structure as open bars. The scale is shown on the right of the graph. 
involving the crystal structure are the result of larger variation in the orientation angle 
9, seen in figure (6.7). 
VCP:3,4 
The rigid body diffusion of VCP:3,4 was described with an isotropic rotational correla- 
tion time Tr = 6.43 ± 0.05 ns while fitting the R 2 /R 1 ratios for residues of VCP:3, and 
= 6.49 + 0.05 ns was likewise obtained for VCP:4. The fit using a model of axially 
symmetric diffusion showed a significant improvement, while no further improvement 
was seen upon investigation with fully anisotropic diffusion. The diffusion of the pro-
tein is therefore best described by: Tr = 6.35+0.08 ns, axial ratio D1 1 1D± = 1.51+0.11 
with 0 = 17.2 + 7.5° and 0 = — 65 ± 15° in VCP:3; and Tr = 6.47 + 0.07 ns, axial ratio 
D 11 1D± of 1.48 + 0.13 with 0 = 17.8 ± 8.9° and q = —82 ± 24° in VCP:4. The angles 
are from the axes of inertia tensor taken for the whole of the protein. It can be seen 
that the diffusional tensor calculations for respective modules agree, giving a descrip-
tion of diffusion of T,. = 6.4 ns and D11 1D1 = 1.5. The same orientation, within the 
error boundaries, of the anisotropy tensor calculated in each CCP module towards the 
inertia tensor of the nearest-to-mean NMR-derived structure of VCP:3,4 [169] shows 
that the orientation of the modules with 59° tilt angle is preserved in solution. 
Simple consideration of the geometry of two CCP modules joined end-to-end with a 
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Figure 6.8: 112 /11 1 ratios as a function of the angle 9 between NH bond and 
long axis of the difi'usional tensor of VCP:3 (a) and VCP:4 (b). The experi-
mental data are marked with points and error bars and the fitted values by the filled 
squares. 
tilt angle between them gives an estimation for the expected axal ratio: 
[D11 1Di]d0u = {2[D11 /Dj]8mn cos (-)}/C, 	(6.14) 
	
where C = {[D 11 /D ±]9le sin ( 
til t ) + 
0.5} if {[D11/D1]smn9le  sin 
(tilt)} 	
0.5 
otherwise C = 1. 
Considering that a single CCP module had an axial ratio of 1.35 (as fitted in MCP:1), 
and that VCP:3,4 in the solution structure had a tilt angle of 590  [169], the axial ratio 
of the diffusional tensor of VCP:3,4 should be 1.98. Fitting of the diffusional tensor 
to the relaxation rates, which resulted in axial ratio of 1.5, was based on the NMR 
structure (nearest-to-mean from the ensemble of the structures available from PDB 
with accession symbols lvvd and lvve). In the case of MCP:1 calculations utilising 
the NMR-derived structure showed a lower anisotropy of diffusion when compared with 
the X-ray structure-based calculations; it is possible therefore that this low value is due 
to the lack of precision in NH bond orientations in the NMR-derived structures. The 
flexibility between modules which in principle could also have an effect of reducing 
the anisotropy has to be restricted in the case of VCP:3,4, since both modules are 
displaying the same diffusional behaviour. 
VCP:2,3 
In the case of VCP:2,3 the analysis was complicated in that the measured relaxation 
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Figure 6.9: Ratios of relaxation rates R 2 /R1 as a function of angle C between 
NH bond vector and D11 using NOE-based structures of VCP:2 (a) and 
VCP:3 (b). The experimental data are marked with points and error bars and the 
fitted values by the filled squares. 
VCP:2 than in VCP:3 and R 2 values were lower in VCP:2, also the heteronuclear NOE 
was on average higher in VCP:2 than in VCP:3. The lower NOE values resulted in 
fewer residues being classified as belonging to the well-structured body of VCP:3. The 
different relaxation rates resulted in different overall correlation times derived from the 
R2 /R1 ratios: in VCP:2 Tr = 7.64 + 0.34 ns and in VCP:3 Tr = 6.64 ± 0.28 ns. Testing 
for the anisotropy of diffusion also gave a different outcome depending upon which 
CCP module was the source of the relaxation data. Axially symmetric diffusion was 
fitted with a significant improvement in the description of the relaxation rates from 
VCP:2, but not from VCP:3. No further improvement in the description was found 
upon fitting a fully anisotropic diffusion. The diffusional tensor of VCP:2 is therefore 
best described by Tr = 7.90 ± 0.30 ns and D111D± = 1.61 ± 0.12, 9 = 8.9 ± 3.6° and 
81±26°; while VCP:3 was best described by isotropic diffusion with the correlation 
time given above. The angles are with respect to the axes of the inertia tensor of the 
nearest-to-average VCP:2,3 structure taken from the ensemble of the NMR structures 
(PDB id le5g)[59]. This structure has a tilt angle of 33° between the long axes of 
the two CCP modules, which results in a highly elongated molecule. If the junction 
between the two modules was rigid, they should display a much higher axial ratio of 
the diffusional tensor than even that fitted for VCP:2. 
Residual dipolar couplings were used to refine the structure of both CCP modules 
within VCP:2,3 (chapter 5). The main difference between the NOE-based and RDC- 
CHAPTER 6. DYNAMICS 	 133 
based structures were fine orientational changes of the elements of secondary structure 
that allowed correction of the NH bonds orientations such that they agreed with ex-
perimental RDCs. The better definition of the NH bond orientations should allow 
more precise fitting of the variations in the relaxation rates due to the anisotropy 
of the overall diffusion. The fit using the nearest-to-average RDC-based structure 
of VCP:2 revealed T,. = 7.81 ± 0.18 ns and D11/Dj = 1.78 ± 0.05, 9 = 15.3 ± 1.6° 
and 0 = 72.7 + 2.5°; VCP:3 also showed significant improvement when relaxation 
rates were fitted to an axially symmetric diffusional tensor with Tr = 6.69 + 0.06 flS, 
D111D i = 1.32 ± 0.05, 9 = —48.9 ± 4.50 and 0 = 35.4 + 4.4°. The change introduced 
by the RDCs into the structures of VCP:2 and 3 resulted in a better fit to the relax-
ation data as can be seen by comparing figures (6.9) and (6.10). The reduced x2  for 
the axially symmetric model fitted with the same relaxation data has changed from 
1.63 to 1.48 and from 2.15 to 1.0, when NOE-based structures were substituted by 
the RDC-based ones, in VCP:2 and VCP:3 respectively. The better fit using the NH 
bond orientations taken from the RDC-based structure proves that the higher axial 
ratios are indeed present in the relaxation data, and a subtle structural refinement was 
required to bring out the anisotropy information. 
The crystal structure, which also became available during the course of this project, 
differs substantially with regard to relative orientation of modules 2 and 3. The internal 
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Figure 6.10: Ratios of relaxation rates R 2 /R1 as a function of angle 9 between 
NH bond vector and D 11  using RDC-based structures; (a) correlation in 
VCP:2 and (b) in VCP:3. The experimental data are marked with points and error 
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Figure 6.11: Ratios of relaxation rates R 2 /R1 as a function of angle 9 between 
NH bond vector and D11 based on the crystal structure; (a) in VCP:2 and 
(b) in VCP:3. The experimental data are marked with points and error bars and the 
fitted values by the filled squares. 
and loops differ in relative orientation and position in VCP:2, while mainly loops differ 
in VCP:3. The backbone rmsd between the nearest-to-mean RDC-based structure and 
the crystal structure were 3.39 A in VCP:2 and 1.72 A in VCP:3. The differences are 
much more pronounced than these between NOE and RDC-based structures. Some 
of these differences were verified on the basis of the assignment of NOE contacts as 
was the cis configuration of the Asn60-Pro61 peptide bond [59], which is trans in the 
crystal structure [112]. 
Neither of the modules was significantly better fitted to the axially symmetric or fully 
anisotropic model than to the isotropic one, when using the crystal structure to derive 
the NH bonds orientations in VCP:2 and VCP:3. The axially symmetric diffusion was 
described by: Tr = 7.78 ± 0.11 ns, D 11 /Dj = 1.20 ± 0.07, 9 = 24 ± 19°, = —35 ± 22° 
in VCP:2 and Tr = 6.65±0.09 flS, D111D ± = 1.03±0.04,9 = 23+27°, = 80±47° in 
VCP:3 using the crystal structure. Reduced x2  values of these fits are 3.97 in VCP:2 
and 2.88 in VCP:3 respectively, which is significantly higher than the values observed 
for both NOE and RDC-based structures. These together with the figure (6.11) show 
that there is very poor correlation between the orientation of NH bonds in the crystal 
structure and the relaxation rates, especially in VCP:2. The structural information 
encoded within the R 2 /R1  values thus demonstrates that the internal solution and 
crystal structures of each module are indeed significantly different. 
Basing on the axial ratio of the CCP-module of 1.35 (as shown in MCP:1) and the 
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extended structure of VCP:2,3, the expected axial ratio of VCP:2,3 would be around 
2.6 (eq. 6.14), much higher than the best fitted values of 1.78 and 1.32. In fact 1.32 
observed in VCP:3 is close to that previously fitted for a single module of MCP:1. At 
the N-terminus of VCP:2, unstructured residues 1-6 and extended loop 110-115 (52-57 
in chapter 5) render this module more elongated, which could in itself explain the axial 
ratio of 1.78. To explain these observations, the link between the modules would have 
to be very flexible at the time-scale of diffusion (5 - 10 ns), such that each module 
provides little or no hindrance to the Brownian motion of the other module. 
Concentration considerations 
The difference between the modules in the overall correlation time is a consequence of 
the ratio of 11 2 /11 1 throughout VCP:2 [(R 1 ) = ( 1.54 ± s.d. 0.14) s 1 , ( R2)  (10.4 ± 
s.d. 1.2) s] being higher than in VCP:3 [(Ri) = (1.66±s.d. 0.12) 5_i,  (R2) = (9.93± 
s.d. 0.96) s 1 ]. The low fitted anisotropy and difference in the measured relaxation 
rates could have been an effect of protein interaction involving preferentially one of the 
modules. 
This has been tested for by measuring the relaxation rates in two- and four-fold di-
luted sample. The step difference between the modules persisted with (R i ) = (1.74 ± 
s.d. 0.11) i,  (R) = (9.01±s.d. 0.97) s_i for VCP:2 and (R i ) =(1.85±s.d. 0.05) s 1 , 
(R 2 ) = (7.35 ± s.d. 0.10) s_i  in VCP:3 in the four-times diluted sample. The isotropic 
correlation times calculated from the R 2 /R1 of the diluted sample were Tr = (6.5+0.5) 
ns and Tr = (5.5 + 0.3) ns in VCP:2 and VCP:3 respectively. The '--1 ns difference 
between the correlation times in the two samples is therefore preserved in the diluted 
sample. The residues with noticeably high or low relaxation rates were conserved in the 
diluted sample, as were the chemical shifts of the amides in the HSQC spectrum. It can 
therefore be concluded that the increased correlation times at the high concentration 
are the effect of sample viscosity rather than any specific protein-protein interactions. 
Temperature dependency study 
The solution behaviour of VCP:2,3 at lowered temperature became of interest after 
crystallisation of VCP [112]. The flexibility of the inter-modular linker, and the orien- 
CHAPTER 6. DYNAMICS 	 136 
tation of the two modules in the solution and crystal structures of VCP:2,3, might be 
sensitive to temperature. The NMR experiments were conducted at 37° C, while 200 
C was used for the crystalisation. It is possible that upon lowering of the temperature 
a particular conformation of the protein freezes out. This could have aided the crys-
tallisation of an otherwise flexible entity. To obtain an indication of any changes of 
structure in VCP:2,3 upon lowering the temperature, the differences in chemical shifts 
were measured for the backbone NH resonances; these are shown in figure (6.12). All 
of the residues that have largest (larger than mean + s.d.) chemical shift differences 
are positioned in the C-terminal ends of the CCPs, with the exception of Leu20 and 
Va195 that are positioned in strand B 2 and D 3 respectively. This experiment shows 
clearly that the biggest differences were observed in the last 3-strand of both modules. 
In each module this /3-strand extends into the linker region, therefore it is the linkers 
which appear to change the most upon lowering the temperature. The changes at the 
N-terminus of VCP:3 and in loop FG (positioned close in space to linker residues) are 
average and do not indicate structural changes larger than for the rest of the protein. 
In VCP:2, Cys93, the S-S bridge partner of Cys124 that in turn sits within the final 
strand, also undergoes substantial changes in chemical shift upon decreasing the tem-
perature. In contrast the N-terminus of VCP:2 does not undergo substantial changes, 
suggesting that the different conformation of loop 110-113 (52-55 in numbering used in 
chapters 4 and 5) is an effect of missing VCP:1 rather than the different temperature 
of experiments. 
In an attempt to assess the flexibility between the domains, relaxation rates in VCP:2,3 
were measured at lowered temperatures of 25° and 15° C. The temperatures were 
chosen to match those typically used in the growth of protein crystals (25° and 16° 
C [36]); subsequently it became apparent that the VCP crystals were actually grown 
at 20° C [112]. At 25° C the average rates were: (R l )VCp :2 = (1.38 ± 0.13) sW', 
(R2)VCP :2 = (11.2±1.6)s' and (R l ) vcp :3 = ( 1.52±0.13)s', (R 2)vcp :3 = ( 10.1+ 
1.5) s 1 ; while at 15° C they were: (R 1 )vcp :2 = ( 1.17 ± 0.11) s 1 , (R 2 )vüp :2 = 
(14.9± 1.7) and (R 1 ) VCP:3 = (1.32±0.11) S 1 , (R2)vcp :3 = (13.4±1.6)s 1 . The 
measured relaxation rates can be found in Appendix (8.5). The change in the rates 
with the temperature, while typical for increasing viscosity of the solution and therefore 
increasing overall rotational correlation time, preserved the step difference between 
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Figure 6.12: Chemical shift differences in VCP:2,3 upon lowering the tem-
perature. The difference in proton and nitrogen chemical shifts, between 37° C and 
15° C, normalised to proton chemical shift /(60 6a15N)2 + (600 60,'H)21600  is plotted 
for each residue. The secondary structure as determined in VCP:2,3 is shown above. 
average relaxation rates in VCP:2 and VCP:3. The rotational diffusion correlation time 
of VCP:2 remains longer than that of VCP:3 at 25° C with 7VCP:2  =(8.58 + 0.69) ns 
and 7P:3  =(7.50 ± 0.49) ns, while at 15° C the correlation times are VCP:2  =(10.9 
± 0.86) ns and 7_ 3 =(9.58 ± 0.64) ns. Isotropic fits are characterised with a poor, 
reduced x2  of 4.8 and 19.6 for VCP:2 at 25° C and 15° C respectively; in VCP:3 these 
values were 5.0 and 4.0 at 25° C and 15° C respectively. 
Analysis of measurements at the lower temperatures demonstrated a low correlation 
between R2 /R1 and solution structures of modules of VCP:2,3 obtained at 37° C (with 
or without the RDC-based refinement); neither axially symmetric nor fully anisotropic 
model of diffusion brought an improvement on the isotropic description of the diffusion 
when the NMR-based structures were used. However, an inspection of the relaxation 
rates recorded at 25° C revealed that the fit of the relaxation rates to the crystal 
structure of VCP:2 and VCP:3 [112], assuming axially symmetric diffusion, improved 
on the one obtained using isotropic correlation time. The diffusion was best described 
by Tr = 8.07+ 0.24 ns, D11/D ± = 1.84 ± 0.11, 0 = —27 ± 3°, 4 = 36 ± 3° in VCP:2 and 
Tr = 7.29 + 0.19 ns, D11/Dj.. = 1.27 + 0.12, 9 = 26 ± 4°, 0 = 75 ± 4° in VCP:3. This 
description is not dissimilar from that obtained using relaxation rates measured at 37° 
C and RDC-refined structure. The fit of the relaxation data gathered at 15° C using 
the crystal structure did not significantly improve when anisotropy of the diffusion was 
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introduced, showing poor correlation between this data set and structure. Therefore, 
while there do appear to be structural changes in VCP:2,3 as the temperature is lowered 
from 37° C, those data do not provide evidence for a more structured inter-modular 
junction at lower temperatures. 
VCP:2 13 - interpretation of relaxation results 
The persistently higher values of R2 in VCP:2 are not due to chemical exchange, as 
the bulk of VCP:2 residues with R2 higher than in VCP:3 also have increased cross-
relaxation rates 'q (see figure 6.4), which precludes the presence of significant 
for these residues. On the other hand a numerical simulation of the spectral density 
function (6.19) showed that the lower 15 N- 1 H NOE, lower R2 and higher R1 in VCP:3 
could have been an effect of increased amplitude of ns time-scale internal motion in 
VCP:3 
This simulation was performed by calculating ' 5N-'H NOE, R 1 and R2 values from a 
Model-Free representation of the spectral density function for an axially symmetric ro-
tor (eq. 6.19), searching for a maximal D 11 1D± value and varying S 2 and Te parameters 
describing the internal motion. The correlation time was taken as fitted from R 2 /R1 
using RDC-based structure. Assuming the correlation time Tr = 7.8 ns and an axial 
ratio of the ellipsoid of diffusion D11/D 1 = 1.9, the average relaxation rates and their 
variation in VCP:2 allow for internal motion described by 
S2 > 0.86 and e < 200 Ps 
to be present in the well-structured body of the module. 
The step change in the relaxation rates between VCP:2 and VCP:3 can, therefore, be 
explained by assuming that the VCP:3 diffuses in the same manner as VCP:2 but has 
much less restricted internal motion with S 2 = 0.76 and Te = 1.6 ns. The simulation 
shows that an alternative explanation to the virtually separately diffusing modules of 
VCP:2,3 could be a higher degree of internal motion present in VCP:3 on the ns time-
scale. The relatively high ' 5 N-'H NOE values measured in VCP:2 restricted S 2 to the 
high values, suggesting that the body of this CCP module is well defined on the NMR 
time-scale and the anisotropy of diffusion observed in VCP:2 ought to be considered 
as that of the whole of the protein, demanding (since value 1.9 is too low for a rigid 
structure) that the linker between the modules is flexible, but not necessarily to the 
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extent which would allow the two modules to possess different diffusional properties. 
The amide proton-deuterium exchange data [59] point to VCP:3 being the more stable 
module - the protonation of several amides persists longer in VCP:3 than it does for 
any residue in VCP:2. Amide exchange reflects motion on an entirely different time-
scale (10-4 - 10_ 1  s) [38] compared to the ones at which 15  relaxation is sensitive 
(ps-ns and is-ms). Amide proton exchange rates do, however, indicate the degree of 
the overall stability of the folded protein by highlighting amides that are inaccessible 
to solvent and/or hydrogen-bonded. Further biophysical characterisation of the un-
folding of VCP:2,3 [76] has shown that HSQC cross-peaks belonging to VCP:2 start 
disappearing between 40 - 45° C, while at 52° C there is an almost complete loss of 
the dispersion of chemical shifts characteristic of tertiary structure and an increase in 
the intensity of random-coil amide chemical shifts is observed. In contrast, at 55° C 
most of the 15 N-'H cross-peaks of VCP:3 are still present. Also, in the unfolding event 
induced by guanidinium chloride, cross-peaks corresponding to residues in VCP:2 lose 
their intensity to a larger extent than those in VCP:3 at 2 M GdnHCl. All the bio-
physical data suggests that in fact VCP:3 is more stable than VCP:2, indicating that 
the increased internal mobility within VCP:3 does not translate to a low stability. 
CR1:15,16 
In contrast to VCP:2,3, and in line with VCP:3,4, the C111:15,16 construct did not show 
a disparity between average relaxation rates in each module. This resulted in similar 
isotropic relaxation rates rr = 8.22 + 0.03 ns in CCP:15 and rr = 8.17 ± 0.03 ns in 
CCP:16. In both modules the fit exhibited a significant improvement upon description 
by axially symmetric diffusion, while no improvement was seen upon investigation of 
fully anisotropic diffusion. 
In the proteins investigated previously, the two minima of the x2  function corresponded 
to prolate and oblate ellipsoids of diffusion, with oblate diffusion never providing a 
significantly better fit than the isotropic approximation. CR1:15,16 differs in that, 
for both modules, it has two axially symmetric minima with comparable goodness of 
fit and both of them correspond to a prolate ellipsoid of diffusion. One solution has 
an axial ratio of about 1.3 and the other is close to 12. In the CR1:15 module the 
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reduction in x2  for an axially symmetric fit was significant only for the higher axial 
ratio, but in C111:16 both fits were statistically better than isotropic. 
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Figure 6.13: R2 /R1 ratios as a function of angle 9 between NH bond and long 
axis of the diffusional tensor in (a) CR1:15 and (b) CR1:16; the solution 
with low axial ratio. The experimental data are marked with points and error bars 
and the fitted values by the filled squares. 
The diffusion of C111:15,16 as encoded in the relaxation rates of C111:15 is therefore 
described by either a diffusional tensor with Tr = 8.33 ± 0.32 ns, axial ratio D 11 /D-L = 
1.31±0.O4and angles 6 = 82.8±5.6° and 0 = 3.4±3.7° (reduced x2 = 8.71), shown in 
figure.(6.13a); or Tr = 6.90±0.12 ns, axial ratio D111Dj of 11.6±0.4 with 9 = 17.1±0.8° 
and q = —8.3 ± 2.4° (reduced x2 = 7.87) as shown in figure (6.14a). 
CR1:16 shows a comparable diffusional tensor, but with better fit from the lower axial 
ratio model: Tr = 8.23±0.10 ns, axial ratio D111D. = 1.32±0.03 with 9 = 68.0±4.6° 
and 0 = — 64.0 ± 3.8° (reduced x2 = 6.30), this fit is shown in figure (6.13b); or 
Tr = 6.64±0.08 ns, axial ratio D 11 /D ± = 12.1±0.3 with 9 = 7.1±0.6° and 4 = 28.9±6.1° 
(reduced x2 = 7.81), shown in figure (6.14b). 
CR1:16,17 
The overall diffusional correlation times for CR1:16,17 were Tr = (8.98 + 0.05) ns in 
CR1:16 and Tr = (8.69 ± 0.06) ns in CR1:17. In both modules the prolate diffusional 
tensor gave significantly better fit to R2/111 ratios. The axially symmetric diffusion of 
CR1:16,17 was, in CR1:16, best fit to Tr = (8.99 ± 0.23) ns and D11/D1 = 1.56 ± 0.08 
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Figure 6.14: R2 /Ri ratios as a function of angle 0 between NH bond and long 
axis of the diffusional tensor in CR1:15 (a) and CR1:16 (b); solution with 
high axial ratio. The experimental data are marked with points and error bars and 
the fitted values by the filled squares. 
13.5 ± 3.5° and 0 = — 16 ± 16°. In C111:17 diffusion was best described by Tr = 
(8.52 + 0.15) ns and D111D ± = 1.23 + 0.08 with 0 = —35.2 ± 7.6° and 0 = — 80 + 11°. 
A low correlation between the 11 2 /111 rates and the angle 0, as can be seen in figure 
(6.15), suggest that perhaps the fully anisotropic diffusional tensor ought to be con-
sidered. However, there was no statistically significant improvement upon addition of 
the two extra parameters required to describe a fully anisotropic diffusion. 
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Figure 6.15: R2 /R1 ratios as a function of angle 0 between NH bond and long 
axis of the diffusional tensor in CR1:16 (a) and CR1:17 (b). The experimental 
data are marked with points and error bars and the fitted values by the filled squares. 
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Comparison of the diffusion of CR1 constructs 
C111:16,17 exhibits a discrepancy between the correlation times and the axial ratios of 
rotational diffusion fitted in each module. Moreover, the axial ratios are relatively low, 
precluding an extended conformation in solution like that of the nearest-to-average 
structure in the ensemble with a tilt angle of 6° between the two modules. This points 
towards significant flexibility at the linker. There is not such a big discrepancy in the 
relaxation rates and the fitted correlation times as was observed in VCP:2,3, suggesting 
that CR1:16,17 is not as highly flexible. 
C111:15,16 is difficult to discuss in terms of the expected diffusional properties as there 
are two solutions which fit the data similarly well. The most probable explanation is 
that the lack of the definition of the NH bond angles does not allow the relaxation rates 
to be fitted well, while the relatively large variations in the 11 2 /11 1 ratios observed in 
the rigid parts of the protein cause the higher axial ratios to fit the data better than the 
lower ones. The higher axial ratio fitting results in relatively low overall correlation 
times of 6.90 ns (CR1:15) and 6.64 ns (CR1:16). Modelling of the CCP module-
containing constructs shows in the next section (6.2.2) that these values are too low 
when compared with any of the examined double module-containing proteins. The 
low axial ratios obtained from relaxation study of the double module constructs could 
have been the effect of protein association in the concentrated NMR sample. Similarly 
to VCP:2,3 the CR1 proteins were checked for the possible association, by measuring 
the relaxation rates in a diluted sample. The rates measured in such a sample agreed 
well with the full concentration data, and the calculated overall diffusion correlation 
times were CR1:15 Tr = 8.43±0.48, C111: 16 Tr = 8.07±0.39 in CR1:15,16 and CR1:16 
Tr = 8.58 + 0.71, C111:17 Tr = 8.64 ± 0.58 in CR1:16,17. These Tr values agree well 
with those from full concentration sample - no self association effects were detected. 
6.2.2 Modelling of protein diffusion 
The spectral density function depends on the shape of a diffusing body e.g. for a 
symmetric top diffusion is expected to be axially symmetric. The first approximation 
to the type of diffusion the molecule undergoes can therefore be made from a calculation 
of the inertia tensor. However, the shape of the surface against which the friction of 
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the solvent occurs has an impact on the characteristics of diffusion. 
Bead models 
Diffusion can be modelled by representing the protein as a concatenation of bodies for 
which the solution of the frictional equation is known, such as spheres, ellipsoids and 
rods [56, 55]. In this work, protein molecules were modelled by placing a sphere of 
radius 1.8 A in place of each C atom, surrounding the protein by a water shell, and 
performing hydrodynamical calculations using the programme SOLPRO [158]. The 
coordinates were taken from PDB files. The size of the bead was limited by the fact 
that calculation of the frictional forces within SOLPRO requires that the beads do 
not overlap. The water layer was obtained by placing a bead of 1.6 A radius in every 
second unit of a 3D grid (with 3.2 A units) which was empty and adjacent to the 
protein model [163]. This is equivalent to applying half the volume of a 3.2 A-thick 
water layer surrounding the protein molecule: 
Vfilled - irr3 - 
11ayer - (2r) 3 - 	
( 6.15) 
Addition of the water layer also had the effect of smoothing the protein surface which, 
with the bead size used here, was not fully defined. A water shell of thickness of 
3.2 A has been frequently used in this approach to discuss NMR-derived diffusional 
parameters [31]. In the analysis of hydrodynamical measurements various hydration 
layers have been proposed, with recently presented models utilising values from 1.2 
A [157] to 5.2 A [170] in attempts to reproduce well the measurement and theory. 
Overall this method predicts the hydrodynamical properties of the molecule based on 
the shape dictated by the fold of the protein, while ignoring details arising from the 
distribution of the amino acid types on the surface of the molecule. 
The bead model of the N-terminal CCP module of MCP, which in the fitting of 11 2 /111 
ratios showed an axial ratio of diffusion of 1.35, when modelled gave an axial ratio of 
1.5 - 1.8. This shows that the NMR-derived axial ratio could be expected to be lower 
(by 10 - 25%) than the modelled one. 
The diffusion of each module of VCP:2,3 considered separately, as well as that of 
VCP:2,3 with a range of tilt angles (defined in figure (5.2)) between the modules, 









MCP:1 X—ray - 4.3 1.5 0.084 
MCP:1 NMR - 5.6 1.8 0.083 
VCP:2 ' - 4.0 1.7 0.049 
VCP:3 - 3.4 1.4 0.071 
VCP:2,3 b 9 9.6 3.0 0.000 
VCP:2,3 b 29 9.5 2.8 0.010 
VCP:2,3 b 10.9 2.5 0.015 
VCP:2,3 b 90 9.2 1.8 0.028 
VCP:3,4 59 8.6 2.0 0.109 
CR1:15,16 35 10.2 2.8 0.000 
CR1:16,17 6 11.6 3.0 0.000 
a 	is the observed deviation from axially symmetric diffusion expressed as the largest 
difference between two correlation times in each pair, which would be identical in the case of 
ideal axially symmetric diffusion, see equation (6.13) and following comments. 
b  excluding six unstructured residues at the N-terminus of VCP:2. 
Table 6.1: Diffusional parameters of single and double modules calculated using bead 
model with water-shell and programme SOLPRO. 
was modeled using the bead modelling method. An approximation made by assuming 
axially symmetric diffusion was expressed as the biggest observed difference between 
the pair of the correlation times which coalesce in a true axially symmetric case (an 
axially symmetric case manifests as two identical pairs, leaving three non-degenerate 
correlation times, or five correlation times describing the fully anisotropic diffusion, see 
equation (6.13)). As can be seen in the table (6.1) only very small deviations (z) were 
observed and therefore even in the case of a significantly tilted structure the axially 
symmetric description is accurate. The axial ratio observed in VCP:2,3 ranged between 
3.0 and 2.5 for the least to the most tilted structures within the ensemble of NOE-
derived structures. A model of VCP:2,3 with 90° tilt angle was created artificially 
to assess the expected diffusional parameters of such a structure, even though the 
proximity of the bodies of the modules in such an arrangement would have incurred 
NOE contacts that were not observed. 
Shell models 
The approach of modelling the protein surface by calculating a shell surface with 
a precise bead representation of the atomic structure was also employed, using the 
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programme HYDROPRO [159]. This avoids problems with overlapping beads, allowing 
one to use a full atomic structure to define the actual surface of the protein. The 
surface was calculated by positioning 3.1 A diameter spheres at heavy atom positions, 
and fitting progressively smaller spheres of four different sizes (with diameters of 2.2, 
2.0, 1.8 and 1.6 A), until the atomic resolution structure was well represented, then 
using only the outer shell for the calculations. 









MCP:1 NMR - 1.418e+04 5.9 1.8 0.070 
MCP:1 x- - 1.246e+04 5.5 1.6 0.105 
VCP:2 c - 1.214e+04 5.3 1.9 0.113 
VCP:3 - 1.097e+04 4.4 1.8 0.031 
VCP:4 - 1.167e+04 4.5 1.9 0.107 
C111:15 - 1.957e+04 5.8 1.6 0.058 
CR1:16 - 1.240e+04 5.4 1.8 0.176 
CR1:17 - 1.428e+04 5.7 1.7 0.153 
VCP:2,3 C 29 1.814e+04 11.9 4.0 0.000 
VCP:2,3 d 29 2.474e+04 13.4 4.4 0.000 
VCP:3,4 59 1.885e+04 12.0 2.5 0.001 
CR1:15,16 35 2.651e+04 13.7 3.5 0.000 
C111:16,17 6 2.105e+04 15.5 3.6 0.000 
is the observed deviation from an axially symmetric diffusion expressed as the largest cfltterence 
between two correlation times in each pair that would be identical in an ideal axially symmetric 
diffusion, see equation (6.13) and following comments. 
b Tilt angle between the two modules is defined in figure (5.2). 
C  excluding and d  including six unstructured residues at N-terminus of VCP :2.  
Table 6.2: Diffusional parameters of single and double module proteins calculated using 
atomic resolution shell model and programme HYDROPRO. 
As there was no easy way of implementing the water shell coverage in this case, the 
hydrodynamical properties are those of "dry" molecules; however, the shape definition 
includes changes arising on the surface of the protein from the distribution of the amino 
acids. 
The MCP:1 HYDROPRO model gives a similar value to the bead model with wa-
ter layer; on the other hand, larger differences were observed in the more extended 
structures of double module constructs. The presence of a water layer for the nearest-
to-average VCP:2,3 structure has the effect of reducing the elongation of the ellipsoid 
of the diffusion from 4.0 (shell model) to 2.8 (bead model with water layer). The simple 
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model of a water layer used in this work should be seen as only an approximation of a 
possible effect of the solvent interaction on the reduction of axial ratio expected for a 
protein, while the shell model of a "dry" protein gives the upper limit of the expected 
elongation. 
6.2.3 The flexibility of the junctions 
Taking the best-fitted diffusional properties of MCP:1 obtained from the X-ray struc-
ture as the measure of the elongation expected from a single CCP module the values 
obtained from NMR might be expected to be 10 - 25% lower than the modelled ones. 
With this in mind it is possible to consider the diffusion of the double module proteins. 
VCP:2,3 
In the case of VCP:2,3, the average modular alignment has a tilt angle of 29°. The ex-
pected values of D11/D 1 would therefore be between 2.3 (10% reduced value from bead 
model with water shell) and 4.0 (anhydrous shell model) depending on the hydration 
of the protein. This clearly cannot be reconciled with the values of 1.3 (VCP:3) and 1.8 
(VCP:2) fitted for the rigid regions of the VCP:2,3 protein. On the other hand a 90° 
tilted model of VCP:2,3, which matches the relaxation-derived diffusional parameters, 
is not consistent with the lack of homonuclear NOEs between the two modules. The 
answer therefore must lie with the flexible linker between the two CCP modules. This 
is further corroborated by the fact that the two modules appear to diffuse largely inde-
pendently; that is the rotational correlation times and the axial ratios are significantly 
different between the two modules. 
VCP:3,4 
In the case of the VCP:3,4, due to the more tilted arrangement of the nearest-to-
average structures in the ensemble, the disparity between diffusion fitted to R2/R 1 and 
that derived from the hydrodynamic model is smaller. Allowing for the incompletely 
defined orientation of the NH bonds (which reduced D 11 /D ± from 1.35 to 1.2 in MCP:1), 
and a further 10% reduction when comparing best-fitted and modelled diffusion, the 
elongation expected from the NMR-derived structure of the rigid VCP:3,4 would be 
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about 1.6, which is close to the R2 /R1 -derived value of 1.5. 
CR1 
It is difficult to make any statements about the NMR relaxation-derived description of 
the diffusion of C111:15,16 when compared to the bead or shell models since the two 
possibilities of the fitted ellipticity of diffusion are either smaller or substantially higher 
then the modelled values. It is likely that none of the models is accurate. However, the 
wider distribution of 11 2 /111 values obtained for C111:15,16 compared to those observed 
in the other proteins studied in this project ,suggests that the lower axial ratios of 1.3 
are underestimated. On the other hand the higher axial ratios are accompanied by a 
reduction in the overall correlation time to 6.6 - 6.9 ns which is much lower, than the 
modelled values even for the "dry" protein. 
CR1:16,17 shows evidence of inter-modular flexibility because the best fitted diffu-
sional tensors have different axial ratios and correlation times in CR1:16 compared to 
CR1:17. The dependency of relaxation rates on the magnetic field ((Ri - R 1 )(B)) 
also indicates that CR1:16 and CR1:17 diffuse with different correlation times. The 
differences in the diffusional tensors between the two modules, although smaller than 
those observed in VCP:2,3, indicate a degree of independent motion. 
6.3 Internal motion 
6.3.1 Model-Free representation 
If internal motion is independent of overall diffusion then it can be described in terms of 
a separate internal correlation function C2 (t). This is strictly true only for a molecule 
whose overall rotational diffusion is isotropic, but has been shown by a numerical 
simulation to be a very good approximation in the case of anisotropic overall motion 
(rotational diffusion) [100]. In general, such a function can be quite complicated, 
however with good approximation it can be represented in terms of either diffusive 
or "jump-like" (Markovian) models. The C(t) can then be described as a sum of 
(possibly many) exponentials. The exact form of C(t) can be modelled as a set of 
jumps between a few accessible states, diffusion around an axis, diffusion in a cone etc. 
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However, useful information can be extracted without assuming a physical model [100] 
using the Model-Free approach. 
Model-Free analysis allows one to describe motion of a vector in terms of: 
- the value of Ci at infinity, which is a measure of the degree of restriction of the 
internal motion, called the generalised order parameter S. 
- the value of an effective correlation time of all possible modes of internal motion, r. 
The approximation made by the Model-Free approach is to collate all of the terms 
describing different internal motions into a simple relation: 
C2 (t) = S2 + ( 1 - S 2 )e_i'Te. 	 (6.16) 
The definition of S 2 , as a degree of spatial restriction of local motion, is easy to 
understand, while Te is defined as: 
N 
S2 ) 	 (6.17) 
where a, and r are respectively amplitudes and correlation times of N modes of motion. 
The definition of e  makes it more difficult to interpret as the temporal and spatial (via 
S 2 ) properties of motion are mixed together. It does, however, provide information 
about the time-scale of the internal motion. 
It has been shown that internal motion occurring at very fast times (less than tens 
of picoseconds) is not very well described by the correlation (6.16) and 82  was con-
sequently divided into two parameters: S responsible for the slower time-scale of 
internal motion, and S2  describing fast motion. This allowed a better description of 
the low NOE values observed in the unstructured parts of proteins [29]. 
The description of the motion of a vector in the laboratory frame combines the rigid 
body description with internal dynamics to give the total: 
C(t) = C. (t)C, (t) 	
[S2 e — '1-1 + ( 1 - S2 ) e _t/T'1 (6.18) 
1=1 
where r 1 = r[ 1 + 7-1 and 7-1 describe the possible correlation times for anisotropic 
overall diffusion. The corresponding combined spectral density function is: 
2 1 s2 7- 	( 1—S 2 )7- ' l __________ 	 el J(w) = - _______  
	
5 1 + (wry + 1 + (wr') 2 I 	
(6.19) 
C J 
CHAPTER 6. DYNAMICS 	 149 
This function can describe the behaviour of many internuclear vectors with good pre-
cision, however further development has been made to include the effect of very fast 
motion by putting S 2 =S'S' . In that case the 7-, parameter is connected to the 
slower internal motion, while the fast motion is expected to be on a very fast time-
scale where the correlation time approaches zero and does not need to be included in 
the fitting process. The factorisation of S 2  was shown to be potentially misleading 
when an anisotropic motion is also present, and it has been suggested a local T, which 
is separately fitted for each residue, should be used instead when no prior information 
about the extent of the diffusional anisotropy is available [141]. 
The spectral density function defined in (6.19) was used to analyse relaxation rates of 
mobile residues using equations (6.1 - 6.3). The computer programme ModelFree 4.01 
[121, 106] for analysing the relaxation rates was obtained from Prof. A. Palmer's labo-
ratory internet page (http://cpmcnet.columbia.edu/dept/gsas/biochem/labs/palmer/) . 
The main features of this programme are: 
- the input consists of the relaxation rates from one or more magnetic fields and the 
description of the protein diffusion in terms of its type (isotropic, axially symmetric) 
and parameters ( T. and, for the axial model, D 11 1Dj , 9 and 0 describing the anisotropy 
and alignment of the diffusional tensor ). 
- the equations (6.1 - 6.3) are fitted to a series of five internal motion models with 
varied number of fitting parameters in the spectral density function (6.19): 
1: S 2 ; 2: S2,  7-,; 3: S 2 ,Rex; 4: S2 ,7-e ,R ex and 5: S 2 ,7
-,! , S 2 
 
- a statistical framework in which to assess the goodness of fit of each of the models 
and the statistical significance of the improvement of the fit upon reducing the degree 
of freedom (F-test) is provided by Monte Carlo calculations of the synthetic data sets 
based on the fitted internal parameters. 
6.3.2 Model-Free analysis 
Trial case: MCP:1 
MCP:1 was chosen as a starting point for the Model-Free analysis of CCP modules since 
it was the simplest of the analysed constructs. Four types of analysis were performed 
on this protein: 
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- assuming isotropic diffusion, 
using the axially symmetric diffusional tensor of MCP:1 with the X-ray crystal 
structure (PDB id lckl), 
using the axially symmetric diffusional tensor of MCP:1 with the NMR-derived 
structure (obtained in this lab), 
using the local correlation time for each of the residues. 
The results were compared and can be seen in figures (6.16, 6.18, 6.19 and 6.17). 
Residues for which ' 5 N- 1 H HSQC signals were overlapped were not analysed, the 
residues for which no reliable Model-Free model could be fitted are marked. The 
dynamics of Trp86 are calculated from its side-chain 15 N relaxation, rather than its 
backbone amide, the signal of which was overlapped. 
The isotropic diffusion model is the simplest one but, when applied to an anisotropically 
diffusing protein, it introduces spurious contributions (model 3 or 4) to accomodate 
the variations in the observed R 1 and R2 rates. Model 5 can also be fitted that 
is characterised by relatively short internal correlation time r, to account for those 
variations. The local correlation times approach, another method which does not 
demand structural information, introduces another parameter for each residue and 
therefore fitting with three data points, does not allow exploration of models 4 and 5. 
In fitting with the isotropic model (figure 6.16) there was possibly a spurious slow 
correlation time obtained for residue Glu42. There were no other residues additionally 
fitted with the chemical exchange, when compared with the axially symmetric models. 
The S 2  values are also distributed in a similar way. 
The local correlation time fitting (figure 6.17) did not perform very well in those parts 
of the protein that are almost certainly displaying chemical exchange, i.e. residues 
Asp8l and His84-Trp86. In fact, residues displaying the highest R values were not 
satisfactorily fitted at all. The problem with this fitting is likely the lack of experimental 
data; there are only three data points for each residue and model 4, which consists 
of four parameters, cannot be used. In other approaches tested (isotropic and axially 
symmetric diffusion) residues His84 and Thr85 were fitted with model 4, with internal 
correlation times Te  in the order of 100 Ps as well as contributions. 
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Axially symmetric diffusion based on the NMR structure (figure 6.18), which assumed 
lower anisotropy than the fitting based on the crystal structure (figure 6.19), showed a 
similar distribution of 52  parameters. A discrepancy occurred in four residues (74, 82, 
90 and 93) additionally fitted, using the NMR structure, with small contributions from 
chemical exchange in the order of 0.5 - 3 s; and two additional residues (49 and 55) 
that were fitted with model 5, rather than the simpler model 2, accompanied by S 12 of 
0.67 and 0.84 respectively and internal correlation times of about 500 Ps (rather than 
below 100 ps). A further five residues (42, 74, 76, 82, 89) were fitted with Te of 50 Ps or 
more, while using the NMR structure, whereas with the NH bond definition taken from 
the X-ray structure (figure 6.19) their internal dynamics were fitted to either model 1 
or 3, with no requirement for Te as a parameter. 
Figure 6.16: The Model-Free dynamical description of the relaxation rates in MCP:1 
assuming isotropic diffusion. Residues for which no reliable description could be se-
lected are marked by dots. The Trp86 dynamics are taken from the side-chain H 
resonance. 
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Axially symmetric diffusion based on the crystal structure required one extra residue 
to be fitted with a chemical exchange term (res. 35, R ex = 0.63 s 1 ), and one with 
substantially longer internal correlation time (res. 46, r ° ' = 1029.0 ps > rJMR = 
346.0 ps), when compared with the NMR structure-based fit, see figure (6.19). 
To summarise, the precise description of the NH bond orientations allowed by the 
crystal structure of MCP:1 resulted in simpler models for eight residues in MCP:1. 
The findings from this model (fig. 6.19) are discussed below. 
The average fitted S 2  value is (0.74 + 0.21) from residue 35 to 98. The /3-strands 
are well defined with S 2  of (0.81 ± 0.08), (0.70 + 0.26), (0.84 + 0.03), (0.85 ± 0.05), 
(0.84 ± 0.19) and (0.84 ± 0.03) for strands B, D, E, F, G and H respectively. Strands 
B, D, F and G form an antiparallel (t-ff) fl-sheet and strands E and H form a small 
sheet of topology t..-. Within strand B lies residue Leu46 with a lowered S 2 of 0.67, 
0 Lee ! 
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Figure 6.17: The Model-Free dynamical description of the relaxation rates in MCP:1 
without a definition of diffusion. The local correlation times fitted for each residue are 
shown in the lowest panel. Residues for which no reliable description could be selected 
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and within strand D is found the surface exposed Asp61 that has a very low S 2 value of 
0.18. Asp6l was shown to be a binding site for an antibody, which competes for binding 
with the viral haemagglutinin assembly [23]. However the other residues interacting 
with function-blocking antibodies (Lys5l, G1u58 and Arg82) are well-structured, as 
are those residues where mutations severely affect the binding of measles virus (G1u58 
and Pro73, no relaxation data was available for Arg59). Other residues with low S 2 
(below 0.7) are G1u37, Lys49, His84, Trp86(H i ), G1u97 and Thr98. A feature which 
might contribute towards stability of the protein is the flexibility of the side-chain of 
the conserved tryptophan (86), which lies within strand G. The remaining residues in 
this group lie within the loops and termini of the module. The average S 2 in the loops 
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Figure 6.18: The Model-Free dynamical description of the relaxation rates in MCP:1 
assuming axially symmetric diffusion, with the NH bond orientations taken from the 
NMR-derived solution structure [117]. Residues for which no reliable description could 
be selected are marked by dots. The Trp86 dynamics are taken from the side-chain 
H1 resonance. 
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There were five residues (G1u37, Leu46, Asp9l and (C-terminal) G1u97 and Thr98) that 
required the presence of S 2 and therefore their reported S 2 values are SS J . In this case 
the fast internal motion consists of two distinct modes, an ultrafast one represented by 
S, a non-fitted very short correlation time, and a slower one for which S and r are 
fitted. In each case the slower internal time is quite long: above 800 ps, which made it 
possible to "decouple" the two modes of motion reliably within Model-Free. 
The resides for which the internal correlation time r is fitted accompanying a single 
S 2  parameter are distributed through the protein with Te values between 30 and 100 
IV. t 	.y. 
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Figure 6.19: The Model-Free dynamical description of the relaxation rates in MCP:1 
assuming axially symmetric diffusion, with the NH bond orientations taken from the 
crystallographic structure [23] (PDB id lckl). Residues for which no reliable descrip-
tion could be selected are marked by dots. Residues for which a model was obtained 
requiring additional, or substantially increased, parameter while using crystal structure 
are marked using triangle-up symbol; triangle-down symbol signify residues that were 
fitted with additional, or substantially increased parameters using the NMR-based 
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ps. The residues Asp6l and Lys63 differ in that they appear to be undergoing rather 
slower motion with Te values of 337 and 604 PS respectively. The amplitude of this 
motion is much higher in Asp6l, represented by S 2  = 0.18, than any other residues 
in MCP:1 except the terminal ones; Lys63 does not appear to undergo exceptionally 
high amplitude motion with 8 2  = 0.71. 
The residues exhibiting chemical exchange have previously been shown by careful anal-
ysis of R 2 and R1 to be: Asp8l, His84, Thr85 and Trp86(H i ). Here, Leu87 is also 
shown to have a small contribution from chemical exchange. As all of the NMR signals 
corresponding to these residues are singlets, the fitted exchange rates Rex correspond 
to the fast chemical exchange regime. The linewidth (FWHM) in the ' 5 N dimension 
of recorded HSQC spectra was about 36 Hz, which limits chemical shift differences 
to below this value, since no splitting was observed. The corresponding lifetime of 
the longer lived of the interconverting species must therefore be shorter than 28 ms 
(l/T> Lv = 36 Hz). 
The protein fragment used in the crystal structure did not encompass the first five 
residues of the fragment used in the NMR study (arising from an expression artefact). 
These residues are totally unstructured in the NMR ensemble, as confirmed by the 
large amplitude and relatively slow correlation time 600 - 800 Ps of the internal motion 
(see figures 6.16 and 6.18). With this high amplitude of internal motion both isotropic 
and NMR structure-based fitting are accurate as any information from the NH bond 
orientation is lost with this amount of motion. 
VCP:3,4 
Within the sensitivity of fitting, the diffusional tensor in VCP:3,4 diffusion appeared 
identical in both modules, which shows that protein diffuses as a single entity with 
an axially symmetrical diffusional tensor. The anisotropy of D 1 1/D1 = 1.5 is low for 
the overall structure of VCP:3,4, however it can be reconciled with the value of 2.0 
obtained from bead model assuming the reduction in elongation, observed in MCP:1 
when using the NMR structure, also applies to VCP:3,4. 
The relaxation data, consisting of three points in each residue: R 5 N, R 5 N and 15 N- 1 H 
NOE, does not allow precise fitting using the most logical approach of fitting Model- 








. .ii. .I.i.. 
180 190 	200 















































CHAPTER 6. DYNAMICS 	 156 
Free parameters avoiding any reference to the diffusional tensor (using local correlation 
time fitted separately in each residue), which would avoid the ambiguity of the 
incompletely defined diffusional tensor. Therefore, for VCP:3,4, the Model-Free fit-
ting was done using the best fitted axially symmetrical model of diffusion. The fitted 
parameters must be treated with care, as the chemical exchange (R ex ) and order pa-
rameters (S 2 ) could carry variation due to a higher anisotropy present in the diffusion 
than that fitted [141]. 
The S 2  values average to (0.81 + 0.06) overall, while within f3-strands the average 
is (0.83 ± 0.05) and in the loops it is (0.77 ± 0.07). Residues Ser131 and Glu144, 
positioned in loops A-B and B-C, have particularly low S 2 values of 0.63 ± 0.04 and 
0.59 ± 0.02 respectively. Residue Ser131, Ser199 and Lys220 have contributions from 
Figure 6.20: The Model-Free dynamical description of VCP:3,4 assuming axially sym-
metric diffusion. The /3-strands are indicated by grey bars with cysteine bridges shown 
as dashed lines. In each of the VCP:3,4 modules there are eight /3-strands: A, B, C, 
D, E, F, C and H; forming three antiparallel sheets (A,C), (B,D,F,G) and (E,H). 
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S, which correlate with high values of the internal correlation time. Residues for 
which an internal correlation time was fitted are evenly distributed throughout VCP:3, 
with the exception of strands C and H; strand H is positioned at the interface to 
VCP:4. In VCP:4 strand A appears to have the same dynamical behaviour as strand 
H in VCP:3 with no indication of any other than very fast, limited in amplitude, 
motion (S 2  = 0.82 ± 0.6). There are several residues other than those fitted with S 
which nevertheless display rather long Te > 200 ps; these are: G1u175, C1y195, Leu197, 
Ser227, Cys229. 
The residues fitted with Rex are G1u144, Ser151, Ser159, Ser193 and Gly232. Out of 
these only G1y232 had been shown previously, from the analysis of R 1 and R2 data, 
to posses substantial contribution from chemical exchange. The Tyr155, on the other 
hand, was not fitted with Rex, even though the previous analysis had indicated a 
chemical exchange contribution. This discrepancy might be the result of the cross-talk 
between possibly underestimated anisotropy of the diffusion and Rex during Model-
Free fitting. Such uncertainty was avoided in the case of VCP:2,3, in the following 
section, where more experiments to ascertain chemical exchange were performed and 
in which case the data acquired to high precision at 600 and 800 MHz allowed analysis 
of the internal dynamics without the need to define the diffusional tensor. 
VCP:2,3 
The good quality 15 N relaxation rates for VCP:2,3 were recorded at two fields 600 
MHz (11 1 , R2 , NOE) and 800 MHz (11 1 , 112 ). This allowed deconvolution of the Model-
Free parameters independently of the definition of the diffusional tensor. Instead, a 
local correlation time r,,, was fitted for each residue; ri0  encompasses the variations 
in R2 /R1 due to the anisotropy of overall motion. 
The statistical approach to the decision making (F-test) coded within the Model-Free 
programme did not perform well in this case - Monte Carlo simulations did not produce 
proper numerical distributions as judged by the high rate of the rejection within the 
simulated data for points which were used to calculate F-test values - consequently 
the F function, calculated from too small a sample, did not vary with the levels of 
confidence. Instead, with this amount of data an alternative approach is possible. 
CHAPTER 6. DYNAMICS 	 158 
In this approach the same model is fitted to each residue in turn and the unnecessary 
parameters become small compared with their uncertainty due to overestimation, since 
a model containing three parameters is fitted to five data points. It should be noted 
that this change in the approach had no influence on the values of the fitted parameters. 
This approach has worked well as may be seen in the figure (6.21); rejection of the 
chemical exchange terms is clearly visible. Those residues with a Rex parameter fitted 
above the uncertainty level coincide with those found to be undergoing chemical ex-
change by independent means, see section 6.1.1. The relaxation rates fitted for these 
residues are circled in figure (6.21). 
The fit, result of which is shown in figure (6.21), consisted of free internal motion 
parameters and More complicated models fitted to the data did not improve the fit 
significantly as judged by comparing the reduced x2  values. For a model including S2  as 
well as the parameters shown in figure (6.21), some of the variation in r0  was replaced 
by fitted values of S, however the overall squared order parameter (S 2 = SJ2S) 
remained within the errors of the fit as shown here. Lack of the improvement of the 
fit with a model containing S2  rendered it unnecessarily complicated and therefore it 
was not used. 
Relaxation rates of residues 94, 121, 126, 137, and 160 were not satisfactorily fitted 
within this model; they are characterised by a fit with increased r. The remaining 
residues fitted with high r are 149 and 151, which were previously found to undergo 
its-ms time-scale motion. They should have been fitted with an Rex parameter, which 
instead was replaced by the increase in r. No other residues were fitted with increased 
Ti oc . 
All of the /3-strands in each module of VCP are characterised by higher S2  values than 
the loops in that particular module. This result is very clear in VCP:2 and a little less 
so in VCP:3, although some loops are highly mobile, eg. loop DE. Average values of 
S2  in VCP:2 are 0.78 + 0.06 and 0.70 ± 0.08 for strands and loops respectively; these 
values are generally lower in VCP:3 with average S2  of 0.69 ± 0.07 and 0.60 ± 0.10 for 
strands and loops respectively. 
The flexible ends of the protein, which have a sufficient degree of flexibility to be, in 
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Figure 6.21: The Model-Free dynamical description of VCP:2,3 using local correlation 
time and relaxation data obtained at two fields (600 and 800 MHz). The secondary 
structure and cysteine bridges are indicated at the base of the figure. In VCP:2 /3-
strands B, D, E, F, G and H are defined while in VCP:3 all 8 strands that can be found 
in the consensus sequence are present. Residues with significant chemical exchange 
rates are indicated by circles (Q). The two residues that were proven to undergo 
chemical exchange, but in this fitting were instead fitted with an elevated r, are shown 
with their r, values in 0 symbols. The r values of residues that were not satisfactorily 
fitted are indicated by crosses N. 
fact, diffusing largely independently, show lowered T and Te values close to those 
exhibited by equivalent residues in MCP:1. In VCP:2,3 these first three residues of the 
protein are an expression artefact and do not form part of a CCP module. Residues 
4-6 (shown at positions 61-64 in fig. 6.21) are characterised by low S 2 values (0.26 - 
0.37). 
The Model-Free results seem to indicate that the differences observed in the apparent 
diffusional tensors and correlation times (see section 6.2.1) are due to greater flexibility 
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within the body of VCP:3, as the S 2  values are substantially lower in this module, while 
the internal correlation times are on average identical in both modules, average fitted 
7 0 are (9.6 ± 2.1) ns and (9.4 ± 2.3) ns in VCP:2 and VCP:3 respectively. 
The doubtful feature of the internal motion parameters are the high fitted Te values for 
the structured residues (i.e. excluding the flexible termini). Such internal correlation 
times were observed in the literature when fitting Model-Free parameters in proteins 
that are possibly segmentally flexible [6], as in fact is expected in the case of VCP:2,3. 
If the '-.'2 ns internal correlation time represents a mode of the internal motion then 
clearly this must be a motion involving the entire protein, because it can be seen 
in all but unstructured or chemically exchanging residues, and therefore most likely 
reflects the inter-modular degree of freedom. However, Model-Free factorisation to 
distinguish between internal and diffusional motion is breached in such a case; the 
correlation times of '--2 and 10 ns are too close to allow deconvolution of them, while 
fitting function (6.19). In fact the mode-coupling has been indicated as a source of 
errors in the interpretation of the internal dynamics [141, 84]. Therefore an alternative 
description of the spectral density mapping was attempted. 
6.4 Spectral Density Function Mapping (SDFM) 
The problems with defining protein diffusion prior to describing dynamics in terms of 
the Model-Free approach can be circumvented by directly mapping the spectral density 
function. This method requires that the contribution from chemical exchange is well 
understood; chemical exchange contributions were investigated in detail in section 
6.1.1. 
If three relaxation rates 11 1 ,112 and ' 5 N- 1 H NOE have been measured then the spec-
tral density can be sampled at three different frequencies. The equations (6.1 - 6.3) 
describing relaxation parameters in terms of spectral density function depend on J(w) 
at five frequencies. It has been shown however that by approximating J(WH), J(.'H 
+ WN) and J(WH - wN) by the average spectral density function ( J(WH  ) ), which 
corresponds well to J(0.870wH), the three resulting equations can be solved for each 
of the residues with a good precision [41]. Taking into account that 15 N- 1 H NOE can 
be expressed by longitudinal cross-correlation between 15 N and the proton bound to it 
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( Z NZ ) : 
NOE = 1 + (6.20) 
7N R 1 
the equations describing spectral density function mapping are expressed as [99]: 
J(Q) 	—3/(4e) 3/(2e) —9/(lOe) 	R NI  
J(WN) 	= 	l/e 	0 	—7/(5e) x R2 	(6.21) 
(J(WH)) 0 0 1/(5d2 ) 
where e = 3d2 + c2 and c and d are as defined in equation (6.4). 
The spectral density function was mapped from VCP:2,3 relaxation data and the result 
is shown in figure (6.22). 
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Figure 6.22: Spectral Density Function mapping for VCP:2,3. The values of 
spectral density function mapped at w 0, 27r . 60 and 27r . 0.87 . 600 rad/s are shown. 
In the top panel, J(0) values for residues, which in independent consideration were 
identified to undergo chemical exchange are circled (o); these identified using Model-
Free are indicated by a plus sign (+). Secondary structure of VCP:2,3 is indicated in 
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This result is not easily interpretable apart from the observation that high J values 
at an appropriate frequency reveal a high amplitude of motion at that frequency. Any 
further analysis must involve assumptions about the number of different Lorentzian 
contributions to the spectral density function and that requires [99]: 
deciding whether the overall motion can be described by one, three or five 
components, depending on whether the diffusion is isotropic, symmetric-top or fully 
anisotropic. 
deciding how many modes of the internal motion are needed to represent the 
overall motion. 
As argued above any assumptions about the overall diffusion are very difficult in the 
case of VCP:2,3, therefore no detailed analysis, that would add to the Model-Free 
approach discussed in the previous chapter, was possible. 
Equations (6.21) do not allow for chemical exchange, therefore the J(0) values carry 
contributions from the component. J(0) corrected for the chemical exchange cal-
culated from the three-field linear fitting in section 6.1.1 is compared to the value for 
J(0) obtained directly from (6.10) and the fitted intercept. 
residue J(0)B2 J(0) sdm f LJ(0) 3df m  J(0) = J(0)sdmf 
- 2(3d2+c2) 
82 2.63e-09 2.95e-09 4.06e-11 2.18e-09 
83 3.85e-09 3.86e-09 8.15e-11 2.96e-09 
85 1.47e-09 2.66e-09 2.30e-11 1.80e-09 
87 3.90e-09 3.19e-09 4.18e-11 2.59e-09 
149 5.38e-09 3.67e-09 4.85e-11 3.26e-09 
150 4.73e-09 3.25e-09 3.42e-11 2.85e-09 
169 3.91e-09 2.77e-09 4.41e-11 2.37e-09 
171 3.39e-09 2.53e-09 4.98e-11 2.11e-09 
Residues Va183, Ser87, Asp149 and Ser151, identified as undergoing chemical exchange, 
have visibly increased apparent J(0) obtained from SDFM, however Thr112, also show-
ing high J(0) in SDFM was not identified in investigation of bus-ms time-scale motion. 
On the other hand residues G1y82 and Phe85, by direct investigation (section 6.1.1), 
show chemical exchange without apparent J(0) being visibly increased, suggesting that 
for these residues J(0) is low because of higher contribution from ps-ns internal mo-
tion superimposed on the R ex component. Additionally, VCP:2 has a higher average 
(J(0)) = (2.71 ± 0.65) ns/rad than VCP:3: (J(0)) = (2.30 ± 0.56) ns/rad. 
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The findings of this method agree with these from the Model-Free analysis in that 
there appears to be more of high frequency motion in VCP:3 (lower S 2 in figure 6.21), 
and higher average values of J(WH):  (J(wH))vcp :3 = (9.2 ± 2.2) ps/rad and J(wzv): 
(J(WN))vCp :3 = (295± 65) ps/rad, than in VCP:2: (J(WH))VCP :2 = (7.6 ±2.0) ps/rad 
and (J(')N))VCp : 2 = (274 + 62) ps/rad. 
This method is ambivalent in that it shows increased J(0) throughout VCP:2, possibly 
implying Rex contribution for all residues. In contrast Model-Free fitting shows that, 
although there are more residues with chemical exchange contributions in VCP:2, these 
are localised in specific residues. The investigation of the dependency of relaxation rates 
on the B 2  which allows differentiation between pure J(0) and contributions from the 
Rex  components indicates that the average J(0) indeed differs between the two modules 
of VCP:2,3. This implies that a different rotational correlation time is present in each 
of the modules, and it rejects the hypothesis of chemical exchange present throughout 
VCP:2. 
In summary, if the motion can be decoupled from the structure and the diffusion 
properties, as in fitting Model-Free with the local correlation time, Model-Free is a 
better method to probe local internal motion. None of the methods, though, can 
precisely answer the question about the extent and the time-scale of the inter-modular 
motion. 
Chapter 7 
Discussion and biological 
significance 
The goal of this project was to establish the NMR methods needed to obtain the 
long-range structural restraints and dynamical information required for a thorough 
molecular characterisation of proteins that contain multiple CCP modules. Long-range 
structural restraints are needed to complement the traditional NOE-based ones that 
allow correlation of neighbouring protons only if they are less than 5.5 A apart (in 
a fully protonated sample). While NOEs are sufficient to provide a good structural 
description of globular proteins, in the case of elongated molecules, such as the proteins 
of interest in this project, they often provide insufficient information to define the 
spatial relationship between distant parts of the protein. The lack of definition apparent 
in an ensemble of NOE-derived structures can be the result of a lack of available 
distance restraints; on the other hand it can result from genuine mobility between 
segments of a molecule. The relaxation of NMR signals can be used to survey the 
molecule for the well-structured and relatively flexible regions and can provide some 
quantitative indication of the time-scale and amplitude of the fluctuations present on 
the residue-by-residue basis. 
7.1 Summary of strategy used 
Residual dipolar couplings (RDCs) were the primary source of long-range structural 
restraints considered in this study. A search for alignment media suitable for CCP mod- 
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ules was therefore performed. An extensive set of relaxation measurements was also 
made so as to monitor local and global motion on various time-scales. The relaxation 
studies provided a means of ensuring that only the RDCs of residues in relatively rigid 
parts of the protein are used in structural calculations. In this work the ' 5 N-'H NOE 
values were used to distinguish between the the relatively rigid "core" and the more 
flexible loops and turns in each CCP module. This parameter assisted identification of 
those residues that undergo large amplitude motion on a time-scale below the overall 
diffusion rate and therefore should be excluded. Additionally, a thorough search for 
amide ' 5 N that are in chemical exchange and therefore mobile on the us-ms time-scale 
was undertaken. The remaining RDC restraints were then used to re-orientate and 
refine the positions and orientations of the structured regions within the body of each 
module. 
7.2 Validation of NOE-derived structures. 
Analysis of the ratios of ' 5 N R2 /R1 and/or RDC provided a useful tool for validation 
of the structural differences between NMR and X-ray structures. In the case of MCP:1 
the crystal structure (in the context of MCP:1,2) was known to be very similar to the 
NOE-derived solution structure [23, 116]. The orientation of the tensor's principal axes 
with respect to the body of the protein did not significantly change between the fits 
using crystal and NMR structure confirming the similarity between the two structures. 
The X-ray structure, however, was shown in this study to be more precise; this was 
reflected in the increased axial ratio of the diffusional tensor, and the lower error of 
the fit of the relaxation rates to the NH bonds orientations, derived from the crystal 
structure compared to the NMR structure. 
The direct comparison of the solution and crystal (in context of intact VCP) structures 
of VCP:2,3 revealed significant differences, particularly in VCP:2. These differences 
were confirmed by the better fit of the diffusional tensor when using NOE-derived 
structures. Furthermore, the RDC-refined structures showed an even better fit of the 
diffusional tensor, and a higher axial ratio. Thus, the RDC-derived restraints, cross-
validated by the better fitting of the diffusional tensor with RDC-based structure, have 
also provided a final proof of the structural differences between VCP:2 in the crystal 





Figure 7.1: Comparison between RDC-based and X-ray VCP:2 structures. 
lhe overlay of I he backbone trace is shown in the "cross-eve :1) siniulat iou. Some 
of tile resi(1 ties in ill( , differing parts of 1 he st ructu re are numbered according to their 
native sequence. The arrow points to the N-terminal loop EG, which most significantly 
differs between the two si ructures. C- and N- terunini are indicated. lrp and ('vs side-
chains are shown. The UDC-refined solution strict tire is shown in green and the X-ray 
st ruct u u'e in blue. 
structure of V( 'P and the structure of V( P:2 obtained in solution. in the context of 
VC'P:2.3. 
The most pronounced difference between the two structures of V( 'P:2 is the conforma-
tion of the N-terminal loop. FG. that is displaced away from the linker in the NMH 
strict ure. see figure (1.1). In intact V('P. as seen in the crystal structure. this 100 1) 
is brought closer to the linker resid ties and to a. 1001) in \7C'P: 1 contributing to the 
inter-modular interface that buries 451 A2 of surface area [112]. The V( 'P: 1-2 inter -
face in the crystal structure is probal)ly sufficiently extensive to reflect a physically 
uneauuingftil interaction rather than one of many low energy conformations Stal)ilised 
and enriched in the crystallisation process. Therefore, it is reasonable to assume that 
similar contacts between the two modules should l)e present in solution in a native 
protein. These contacts could not be achieved with the observed conformation of the 
N-terminal 1001) in \('P:2 in the context of V('1 1 :2.3. The effect of this change in the 
interface itself appears to propagate throughout the body Of module 2. The change 
at the tip of loop B-D (Phe5-G1y86) propagates down to show large rnisd at (dut2 
and Glui83 (see figures 7.1. 71.3). More strongly affected, however, is the st reich running 
down from the loop FG through strands (i and 11 and the connecting residues. with 
CHAPTER 7. DISCUSSION AND BIOLOGICAL SIGNIFICANCE 	 167 
particularly high rmsd at residues A121 and P122 (residues indicated in figure 7.1). 
This results in a different orientation of the Trp117 side-chain and is reflected in the 
switch to the cis conformation of the Asnll8-Proll9 peptide bond from the transform 
present in intact VCP. The change in the conformation of the G-H region could have 
an effect on the behaviour of the inter-modular linker, which directly follows /3-strand 
H, and therefore could influence not only the structure of VCP:2 but also its interface 
with VCP:3. 
Unfolding studies performed on VCP:2,3 have shown that VCP:2 unfolds more readily 
than VCP:3 [76]. The relatively low, melting temperature of VCP:2 in this context 
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Figure 7.2: Chemical shift differences observed in VCP:3 depending on con- 
text. The difference in proton and nitrogen chemical shifts, normalised to proton 
chemical shift 060a N)2  + (6006o, ' H) 21600 is plotted for each residue. The sec-
ondary structure of VCP:3 as deduced in VCP: 2 3 (black) [59] and VCP:3 4 (grey) [169] 
is shown above. 
Unlike in the case of VCP:2, the structure of VCP:3 appears to be largely independent 
of context as evidenced by the very small chemical shift differences between VCP: 2 3 
and VCP:34 , with the exception of residue 186, located at the C-terminus (fig. 7.2). 
The calculated 3D structures of VCP:3 differ below the rmsd of the ensemble of NMR 
structures; and the crystal structure (in context of intact VCP) is similarly closely 
related (fig. 7.3, 7.4). The recently reported structures of C111:15,16 and CR1:16,17 
show that C111:16 is likewise largely independent of the context. Thus, of four CCP-
modules looked at in different contexts (MCP:1, VCP:2, VCP:3, C111:16), the VCP:2 is 
the only one showing significant structural differences. The solution structure of VCP:2 
would have to be obtained in context with VCP:1 to enable a proper comparison of 
('I-L%PTtI? 1. I)IS( LS.S1O.'\T !t.\D BIOLOGICAL SIGNIFICANCE 	 16 
5.0 G H A BCD E F G H - 
4.0 
 





70 	80 	90 	100 	110 	120 	130 	140 	150 	160 	170 	180 
residue number 
Figure 7.3: Rmsd between C atoms of VCP:2 and VCP:3. The rniscl between 
the (',, atoms of RD( -refined solution structure of \I'P:2.3 and X-ray structure. cal-
culated for each ('('P are shown by the hatched area. The rinsd between (', atoiiis 




Figure 7.4: Comparison between RDC-based and X-ray VCP:3 structures. 
The overlay of I lie backbone trace is shown in the "cross-eve 3D simulation. C - and 
N-terniini are indicated. Irp and ('ys side-chains are shown. The RDC-refined solution 
structure is shown in green and the X-ray St riict tire in blue. 
solution structure with the crystal one. 
Clearly ('('P module structures are not always independent of their context. Differ-
ences do not just lie ill the definition of the loops that build the iiiterfaces, but also in 
the body oft he module. The context dependency of ('('P modules might. in part, stein 
from I heir relatively small size (typically 40 x 15 x 12 A) and limited hydrophobic core 
involving just a few side-chains. The ('('P modules are also characterised by relatively 
low secondary struct nrc content: I here is, normally, 3-sheet present in a typical mod-
ule, but this is largely a collection of short 3-strands with only a few hydrogen bonds 
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between them. From a functional point of view, lack of full modularity (i.e. structural 
independency) seems to be reflected in the fact that almost all known CCP-containing 
proteins appear to require more than one module for their function [74]. The structural 
dependency of context might affect the outcome of module-deletion and swapping func-
tional studies involving CCP proteins [63, 132]. The observed loss of function might be 
caused by misfolding/lack of stability due to missing modules rather than the function 
being carried out specifically by the missing module. A good example is CR2:1,2: both 
of the modules were reported to be necessary for interaction with complement protein 
CM. The X-ray structure, however, shows that only CR2:2 directly interacts with 
CM, with CR2:1 folded back and protecting a large hydrophobic patch on the other 
side of CR2:1 [151]. 
There are few literature examples of context-specific structural differences in modular 
proteins. It is hard to make statements as to how common such context specific changes 
are, as far as other modular proteins are concerned because this is not a property 
which is annotated in the data banks. To obtain an insight on this one would need to 
extensively search PDB for different constructs and compare their structures, which is 
beyond the scope of this work. 
7.3 Dynamical information 
Structural information coded in the relaxation rates allows validation of solution struc-
tures. Their further value is in characterising the resulting structure in terms of its 
dynamical content. 
The goal of describing the dynamical behaviour of complement regulators was pursued 
furthest in the case of VCP:2,3. Basic relaxation measurements had already been used 
to select the RDC restraints for structural calculations. Further characterisation of the 
local and global dynamical behaviour was possible following experiments characterising 
the slow (!s - ms time-scale) internal motion, and relaxation measurements at different 
magnetic fields. 
It was shown that the different average relaxation rates observed between VCP:2 and 
VCP:3 were not due to widespread chemical exchange present in VCP:2. Two possi- 
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bilities then remained; either VCP:3 undergoes a higher level of internal motion (on 
ps-ns time-scale) spread over all of the body of the module and/or the two modules 
are connected in a manner flexible enough to allow different overall diffusion of each 
of them. The fact that the alignment tensor coded in the RDCs differs between the 
two modules, together with different J(0) values derived from relaxation rates at three 
fields, indicates that differential diffusion is present. Thus, the two CCP modules are 
connected in a highly mobile manner. This is similar to the situation observed in the 
'FN 11-2 FN11 pair of fibronectin type-two modules [148]. These results cannot rule out 
a higher degree of motion within the the body of VCP:3. Increased mobility within 
the body of VCP:3 when compared to VCP:2 is supported by lowered overall S 2 values 
and lower anisotropy of diffusion detected in VCP:3. 
While relaxation studies thus point to a highly mobile linker between the two modules, 
ultracentrifugation gave an axial ratio of the ellipsoid, describing the elongation of the 
molecule, equal to approximately 5:1 [76]. The hydrodynamic modelling performed on 
VCP:2,3 on a fully extended form of the protein with six residues at the N-terminus 
also in the extended form (in the NMR structure, and by relaxation, these are en-
tiely disordered), demonstrates that the maximal value of the ellipticity is 4.4:1. Some 
other apparently flexible proteins containing multiple CCP modules were also shown 
by ultracentrifugation to have elongated structures [111, 33], while X-ray and neutron 
scattering experiments indicated more compact forms [4]. The ultracentrifugation ex-
periment was run at 4° C, a far lower temperature than that of the NMR experiments. 
In NMR relaxation experiments it was shown that structural changes take place upon 
lowering temperature from 37° to 25° and 15° C. While high anisotropy of diffusion 
was not detected at the lower temperatures, this might still indicate changes leading to 
a more extended structure present at 4° C. Therefore, further studies should include 
more global shape and diffusion anisotropy characterisation methods, for example: 
scattering experiments and steady-state fluorescence anisotropy measurement. A time 
resolved fluorescence anisotropy experiment could give an insight into the time-scale 
of the inter-modular motion. 
The Model-Free formalism, with independently established residues undergoing slow 
motion, allowed analysis of the local dynamics in VCP:2,3. In addition to a description 
of local dynamics, an internal correlation time of 1-2 ns was found to characterise most 
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of the residues in VCP:2,3. Within the Model-Free framework such a correlation time 
could not be properly separated from overall diffusion correlation time close to 10 
ns [84]. This difficulty promises to be circumvented by the emerging Mode-Coupling 
approach [122, 160], which specifically looks at the dynamical coupling between the 
overall and internal motion. 
L 	 : 
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Figure 7.5: 82  values observed in VCP module 3 as a part of VCP:2,3 (black 
bars) and VCP:3,4 (wide transparent bars) The secondary structure of CCP:3 
as deduced in VCP:2,3 (black) and VCP:3,4 (grey) is shown above. 
Comparison of S 2  values within VCP:3 between the two constructs (i.e. VCP: 2 3 and 
VCP:34) shows generally lower values for VCP: 2 3. This can be associated with higher 
internal mobility of VCP: 2 3 or may be an effect of lack of ability within Model-Free to 
distinguish between local and inter-modular motion. The differences in mobility within 
the modules provide an insight into how the dynamics of the module depend upon 
its context. This information complements the context-dependency of 3D structure 
discussed in section 7.3. Substantial differences are evident in the dynamics of two 
loops, DE and FG. The latter encompasses parts of the neighbouring strands F and G. 
Loop DE projects from the C-terminal region of the VCP:2,3 construct and therefore it 
is not surprising that it is more mobile that the same loop in the context of VCP:3,4, 
where it is close to the inter-modular interface. The FG loop on the other hand 
is located near the N-terminal region of VCP:3 and has NOE-contacts to the linker 
residues in VCP:2,3. It appears therefore that the presence of flexibility of the attached 
module (VCP:2) imposes a greater mobility, on the ps-ns time-scale, on the residues 
in this part of the protein, in contrast to the situation at the other end of module 
3. There are several residues within VCP: 2 3 which were found to undergo the slow 
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motion (chemical exchange), however, only N149 and S151, found to have substantial 
contribution (detected using the Barbato et al. rule [7], see page 116), can be compared 
to VCP:3 4  for which no more sophisticated experiments were carried out. These two 
residues, positioned in the loop CD pointing towards the interface with VCP:2, do 
not show the evidence of chemical exchange when in VCP:3 4 , while Tyr 155 undergoes 
slow motion only in context of VCP:3 4 . There were no residues in VCP:3 4 in the 
proximity of VCP:4 that demonstrate substantial slow motion. The difference between 
the dynamics of the the two interfaces is consistent with the higher flexibility at the 
VCP:2-3 junction compared to the VCP:3-4 junction. As discussed in section 7.2 the 
structure of VCP:3, unlike its dynamics, is largely independent of context. 
In current work a limited characterisation of dynamics of CR1:15,16 and CR1:16,17 
was performed, but no Model-Free analysis is available, so no detailed comparison to 
the case of VCP:2,3 and VCP:3,4 can be presented at the moment. The comparison 
of the 15 N-'H NOE values shows that ps-ns time-scale motions are most predominant 
in the same loops in both constructs (loop preceding strand B and loop FG, see figure 
8.2 on page 228). The level of flexibility in the loops projecting towards the termini of 
the module is, however, affected by the context. The loops engaged in the respective 
interfaces show higher 15 N- 1 H NOE i.e. lower amplitude of motion; loop BD and strand 
D and loop FG and strand G have higher ' 5 N- 1 H NOE in CR1: 15 16 and loop DE and 
strand H have higher values in CR1:16 17 . Similarly to VCP: 23 the loops engaged in 
the inter-modular interfaces are rich in residues undergoing slow /ts-ms motion (figure 
6.3 on page 119). Loop BD in CR1: 15 16 faces the interface and together with following 
strand D have more residues that undergo slow motion than in context of CR1:16 17 , 
this region is, however, also highly mobile on us-ms time-scale in the latter construct. 
Residues in strand G, also close to the interface with C111:15, undergo slow motion 
only in the context of CR1:' 5 16. In CR1:16 17  loop DE forming part of the interface 
to the following module is involved in slow motion, also strand H, which directly leads 
to the interface is flanked by exchanging residues only in this context. It appears 
therefore that while the loops engaged in an interface are more structured on ps-
ns time-scale, they are involved in the slow conformational changes on us-ms time-
scale. The dynamical differences upon change of the context agree with biophysical 
studies of stability of neighbouring CCP modules in CR1 site 2, which have shown that 
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energetically C111:15-17 cannot be treated as a sum of its modules [77]. 
The high degree of freedom of motion between the two modules of VCP:2,3 implies 
that RDC-derived orientations of the modules can be treated as average alignments at 
best. The inter-modular motion, together with the electrostatically mediated nature of 
the alignment in the bacteriophage and the uneven charge-distribution on the surface 
of VCP:2,3, introduces a likelihood that each module orientates differently. Therefore 
the RDC-derived inter-modular orientation has to be treated with caution. In view 
of the fact that it has been shown that one set of residual dipolar coupling restraints 
is not sufficient to fully determine the relative orientation of the modules [44, 311 
further measurements would be needed to determine the average modular orientation 
(in varied alignment systems to assess if the modules are aligning to the same tensor). 
With a more extensive set of dipolar couplings, the dynamical description in terms of 
the inter-modular motion could become accessible [109]. 
7.4 Biological relevance 
Structure combined with local and overall dynamics could be used to rationalise muta- 
genesis and functional studies. The discussion of the dynamics of the binding sites is of 
interest because flexibility can allow a functional site to adapt to the binding partner. 
The structure of VCP:2,3 and its local and overall dynamics were characterised in 
most detail. Unfortunately, to date, there is a lack of residue-specific research on VCP. 
VCP:2,3 binds heparin (chapter 3), and the only site indicated for heparin binding in 
VCP:2,3 is the KRR motif that lies in the linker to VCP:1 which has been retained 
in this construct [147]. The change in the conformation of the loop in VCP:2 next 
to the linker, compared to the crystal structure, and the high flexibility of the linker 
residues (with S 2 values 0.2 - 0.4) appear, therefore, not to disrupt heparin binding. 
The binding ability of VCP to its complement targets can only be speculated upon 
by the surface-charge distribution and comparison with the alanine scan experiments 
performed on MCP [101]. On the basis of comparison to MCP, the surface-exposed 
residues placed in VCP:2 which could be active in binding of C4b by VCP are Asn94, 
His98 and Glu 102. Those possibly playing a role in binding C3b are Lys186 and His189 
of VCP:4 [112]. These residues do not express any atypical dynamical behaviour, in 
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fact their local dynamical characteristics are those of the strands or loops they belong 
to. In the literature, the most often discussed dynamical properties are those of the 
binding sites and post-transitionally modified sites of proteins. The loops surrounding 
the binding site are frequently shown to undergo a slow is-ms time-scale motion, as 
in response regulator SpoOF [43] where residues necessary for activity are themselves 
flexible on both ps-ns and slow time-scales, and are surrounded by loops undergoing 
slow motion. Examples of mixed behaviour where the local motion is associated only 
with some of the residues important for an interaction can also be found. One such 
protein is the ribonuclease binase [167], in which the "bottom" of the active site is not 
mobile, while the flanking residues are flexible on the jts time-scale. 
As with possible interactions of VCP, the residues of CR1:15-17 implicated in interac-
tion with C3b/C4b [146] appear not to be more mobile than the rest of the protein, as 
judged by the limited analysis of the dynamics performed in this work (see figure 8.2 for 
a graph of 15 N-'H NOE values, page 228). Only one of the many chemically exchanging 
residues of C111:15,16 and CR1:16,17 coincides with such a residue, Lys964 in CCP:16. 
When Lys964 is mutated to Glu a major loss of binding function results. It appears, 
therefore, that in this case the residues displaying the slow motion are of structural 
importance rather than directly involved in inter-molecular interactions. The regions 
of CR1:15-17 with lowered ' 5 N-'H NOE, and therefore increased mobility on the ps-ns 
time-scale, correspond to loops at the C- and N-termini of the constructs. In addition 
to these regions, a particularly mobile stretch (residues 954-958) precedes the final 
Cys958 of CCP:15 but is not implicated in any function. On the other hand Thr1039 
and Arg1041 when mutated to Glu and Val (CR2 equivalents) have been shown to 
significantly reduce C3b but not C4b binding. These are both located within the 
mobile region preceding strand D of CCP:17. Structurally, this is the "hypervariable 
loop" of CCP:17 and these residues are surface exposed and extended to the side away 
from the body of the module. These residues, therefore, may have different dynamical 
characteristics from the other ones involved in the interactions with the complement 
cascade. They are also positioned some distance away from the cluster of positively 
charged residues in CCP:15 and 16, implicated in binding to C3b. Perhaps different 
dynamical behaviour indicates a different nature of the interaction in which Thr1039 
and Arg1041 take part. Interestingly, these two residues are conserved between site 1 
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(CCP:3) and sites 2 (CCP:10 and CCP:17) but the former does not have C3b binding 
activity. 
A search for slow motion in MCP:1 indicated no residues known to be important for the 
function, but the loop that supports a bulky glycosylation site in the native protein was 
shown to undergo a conformational exchange process. As discussed in section 6.1.1 such 
motion could be an effect of energetically favourable accommodation of the movement 
of the oligosaccharide; an alternative explanation could be that since N-glycosylation 
of MCP plays a role in binding to C3b and C4b [63], the flexibility of the supporting 
loop is connected to the binding process [43]. On the whole, the Model-Free results for 
MCP:1 have shown that the residues interacting with function-blocking antibodies are 
all well-structured with the single exception of Asp6l. This perhaps indicates a more 
general feature of CCP modules; that the electrostatic interactions are mediated by 
presenting a well-defined surface to the binding target, while the parts of the protein 
that are mobile on the jts-ms time-scale are of structural significance. 
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Chapter 8 
Appendices 
8.1 The IPAP pulse sequence implemented for Varian 
spectrometer 
1* hsqcNH_IPAP.c */ 
/* COMMENTS 
** 
** lEN, 1H 2D-HSQC experiment for recording in-phase and antiphase 
** (IP AP) J-coupled spectra. With an option for 13C-alpha 13C-prime 
** decoupling for double labelled samples. 
** IP and AP J-coupled spectra are recorded in interleaved manner, 
** with quadrature detection by States-TPPI method 
** The sum and difference of these two spectra produce two spectra 
** containing up-field and down-field components of doublet only. 
** 
** An experiment intended for direct measuring of 1JNH splittings 
** from: 
** "Measurement of J and Dipolar Couplings from Simplified 
** Two-Dimentional NMR Spectra" 
** M.Ottiger, F. Delaglio, Ad Bax in J.Magn.Res. 131, 373-378 (1998) 
** 
** Modifications to the sequence from the above paper: 
** - in Varian gradient pulses are not shaped 
** - Added gradients around 180(H-x + N-x) pulse in AP N refocus 
** 	sub-sequence, since Varian allows this. 
** 26/11/98 K.Bromek 
/* PARAMETERS: 
** tpwr 	- power level for 1M transmitter pulses 
** pw - 90 degree pulse length for protons (the observed nucleus) 
** pwx2 	- 90 degree pulse length for 15N 
** pwx2lvl - power level for lEN decoupler pulses 
** swi 	- sweep width 
** dpwr2 - power level for decoupling; predefined in Vnmr 
** jxh 	- one-bond heteronuclear coupling constant to X (in Hz) 
** 	 15N refocus delay; calculated within: AP-delta = 1/(2*jxh) 




** gzlvll 	- gradient level for gradients around 180 pulses 
** gtl,gt2,gt4 - gradient durations; 
** gt3,gtS added 
** grise 	- gradient turnon time 
** satmode - 'ynn': presaturation during relaxation period (satdly) 
** satdly 	- saturation time during the relaxation period 
** tof 	- offset frequency of observe transmitter; used to set a flag: 
** satmove(fabs(tof - satfrq) >= 0.1) 
** if satmove true set offset to satfrq for saturation 
** satfrq 	- presaturation frequency 
** satpwr - saturation power 
** pse12 	- water gate selective pulse width 
** psel2lvl - water gate selective pulse power level 
** phinc2 	- phase increment for the soft pulse (diff beteen -x hard and soft) 
** f1180 - flag to shift aqusition by half a dwell time 
** 
*** special: 
** phase 	- to be arayed as (1,2); for Fl quadrature 
** 
 
in-phase - to be arrayed as ('y','n'); 'y' for IP, 'n' for AP spectra 
** fc180 	- 'y' if C-alpha C-prime decoupling is to be executed 
** pwxllvl - power level for 13C decoupler pulses 
/******* INCLUDES AND STATIC GLOBALS *1 
#include <standard.h> 
#include <math.h> 
#define MIN-DELAY 	0.2e-6 	/* sec 
void homodec(decseq, dpls90, decres, acqdel, decdel) 
char 	decseq[32]; 
double dpls90, decres, acqdel, decdel; 
{ 
delay(alf a + 1/f b - PRGSTART_DELAY - PRGSTOPDELAY); 
txphase(zero); 
obsprgon(decseq, dpls9O, decres); 
initval(np/2.0, v14); 
starthardloop(vl4); 
acquire(2.0, acqdel); 	 1* explicit acquisition *1 
rcvroff 0; xmtron0; 




static mt 	phsl[2] 	= {3,1}, 
phs2IP[4] = {0,0,2,2}, 
phs2_AP[4] = {3,3,1,1}, 
phs3[16] 	= {0,0,0,0, 1,1,1, 1,2,2,2,2,3,3,3,3}, 
phs4E161 = {0,0,0,0,0,0,0,0,2,2,2,2,2,2,2,2}, 
phss..IP[8] = {0,2,2,0,0,2,2,0}, 
1* twice the same to get length of antiphase cycle *1 




static double d2_init = 0.0; 
/******* PULSE SEQUENCE *1 
pulsesequence () 
{ 







triax[MAXSTR] ,Hdecflg[MAXSTR], HdecseqEMAXSTR]; 
mt 	phase, 
















psel2 , psel2lvl, 
gzlvll, 
Hdecpwr,Hdecres ,Hdecdmf ,Hdpls9O,acqdel,dutyc,decdel; 
SETUP  
/******* FATAL MISSING/BAD PARAMETERS */ 
jxh = getval("jxh"); 
if (jxh==0.0) { 
text_error("Must specify non-zero jxh 15N-1H coupling \n'); 
abort(1); 
} 
if ( (dm2[A] == 'y') 11 (dm2[B) == 'y') II (dm2[C] == 'y') ) { 
text_error("dm2 must be set to either 'nnnn' or 'nnny'\n"); 
abort(i); 
} 










phase 	= (int) getval("phase"); 
pwxllvl = getval("pwxllvl"); 
pwxl 	= getval("pwxl"); 
pwx2 = getval("pwx2"); 
pwx2lvl 	= getval("pwx2lvl"); 
tauxh = getval("tauxh"); 
AP-delta = 1/ ( 2 * jxh); 
swi = getval("swl'); 
grise = getval("grise"); 
gtl = getval("gtl"); 
gt2 = getval("gt2"); 
gt3 = getval("gt3"); 
gt4 = getval("gt4"); 
gt5 = getval("gt5"); 
gzlvll = getval("gzlvll"); 
pse12 = getval("psel2"); 
psel2lvl = getval("psel2lvl"); 
phinc2 = getval("phinc2"); 
tlevol = d2; 
1* C decoupler power *1 
1* C decoupler 180 pulse *1 
1* 90 16N pulse width *1 
1* 15N power level *1 
1* INEPT sequence delay */ 
1* 15N refocusing delay for AP *1 
1* gradient pulse widths *1 
1* gradient powr level */ 
1* WATERGATE pulse width *1 
Hdecpwr = getval('Hdecpwr"); 
Hdecres = getval("Hdecres"); 
Hdecdmf = getval("Hdecdmf'); 
dutyc = getva].("dutyc"); 
Hdpls9O = 1.0/Hdecdmf; 
acqdel = (1.0-dutyc)/sw; 
decdel = dutyc/sw; 
if (Hdecflg[0] == 'y') 
{ 
getstr('Hdecseq", Hdecseq); 
if (Hdecseq[01 == 
{ 




if (f1180[A1 == 'y') 
{ 
tievol += 0.5/swi; 
if (in_phase[A1'y') tievol -= 4*pwx2/PI; 
} 
satfrq 	= getval("satfrq"); 




satpwr 	= getval("satpwr"); 
satmove = ( fabs(tof - satfrq) >= 0.1 ); 
1* set the difference between the tpwr and psel2lvl*/ 
if (phinc2 < 0.0) 
phinc2 = 1440+phinc2; 
stepsize(0.25, TODEV); 
initval(phinc2, v2); 
/******* SET PHASE TABLES *1 
settable(tl, 2, phsl); 
if (in_phase[A]'y') 
settable(t2, 4, phs2_IP); 
else 
settable(t2, 4, phs2_AP); 
settable(t2, 4, phs2_IP); 
settable(t6, 4, phs2_AP); 
settable(t3, 16, phs3); 
settable(t4, 16, phs4); 
/* 
if (in_phase[A]'y') 
settable(t5, 8, phs5_IP); 
else 
settable(tS, 8, phss_AP); 
settable(t5, 8, phss_IP); 
settable(t7, 8, phss_AP); 
/******* PHASE INCREMENTATION FOR QUADRATURE */ 
if (phase == 2) { 
tsadd(t2, 1, 4); 
	1* increment by 90 phase of second 90H 
INEPT pulse *1 
if (in_phase[A] == 'ni ) 
tsadd(t6, 1, 4); 
tsadd(t3, 1, 4); 1* for AP also increment by 90 phase of 
180N pulse in N refocus sequence *1 
/******** FAD PHASE INCREMENTATION *1 
if (fad[A] == 'y') 
{ 
if (ix == 1) 
d2_init = d2; 
ti -counter = (int) ( (d2 - d2_init)*swl + 0.5 ); 
if (t1-counter % 2) 
{ 
if (in-phase[A] == 'y') { 
tsadd(t2, 2, 4); 
tsadd(tS, 2, 4); 




tsadd(t6, 2, 4); 
tsadd(t7, 2, 4); 
} 
if (in-phase[A] == 'a') 














/s receiver phase cycle *1 
BEGIN ACTUAL PULSE SEQUENCE CODE  
STATUS - A *1 
PRESATURATION / DEFOCUS 16N *1 
status (A); 
1* set power levels and initial amplifiers' phases *1 
obspower(tpwr); 	 /s Set transmitter power *1 
txphase(zero); 
decpower(pwxllvl); 	Is Set decoupler power to pwxllvl *1 
decphase(zero); 
dec2power(pwx2lvl); 	 1* Set dec2 	power to pwx2lvl *1 
dec2phase(zero); 
hsdelay(dl); 
/* selective saturation period *1 
if (satmode[A] == 'y') { 
if (satmove) 
off set(satfrq, TODEV); 
obspower(satpwr); 	/s set saturation power *1 
rgpulse(satdly, zero, 4.0e-6, 0.2e-6); 
if (satmove) 
offset(tof, TODEV); 
obspower(tpwr); 	 Is set experiment's transmitter power *1 
delay(1.Oe-5); 
} 




1* defocussing 16N */ 
dec2rgpulse(pwx2,zero,0.0,0.0); 	 /* 90 N-x *1 
if (triax[O] == 'y') 
{ 








/******* STATUS - B *1 
status (B); 
/******* first INEPT */ 
rgpulse(pw,zero,0.0,0.0); 	 1* 90 H-x */ 
if (triax[0] == 'y') 
{ 








delay(tauxh-gt2-grise); 	 1* INEPT delay *1 
sim3pulse(2*pw,0.0,2*pwx2,zero,zero,ZerO,0.0,0.0) 
if (triax[o] == 'y') 
{ 























if (in_phase[A]'y') { 
dec2rgpulse(pwx2,v2,0.0,0.0); 
} else { 
dec2rgpulse(pwx2,v6,0.0,0.0); 
} 
1* 90 H-phil *1 
1* 90 N-phi2 *1 
/******* STATUS - C *1 
status (C); 
/******* ANTIPHASE ONLY - 16N REFOCUSING *1 
if (in-phase[A] == 'n' ) { 
txphase(zero); dec2phase(v3); 
delay((AP_delta/2)-gt2-grise); 
if (triax[O] == 'y') 
{ 







sim3pulse(2*pw,0.0,2*pvx2,zero,zerO,V3,0.0,0.0)/* 180(Hx + N-phi3) *1 
txphase(v4); 
delay(10.0e-6); 
if (triax[O] == 'y') 
{ 









rgpulse(pw,v4,0.0,0.0); 	 /* 90 H-phi4 */ 
txphase(zero); dec2phase(zero); 
} else { 
txphase(zero); dec2phase(zero); 
} 




if (fc180[A1 == b y') { 











/******* return INEPT *1 
dec2rgpulse(pwx2,zero,0.0,0.0); 
delay(10.0e-6); 
if (triax[O] == 'y') 
{ 












/* 90 N-x *1 
1* INEPT delay starts here *1 
/* 90 H-x *1 
obspower(psel2lvl); 	/*power level for watergate*/ 
xmtrphase(v2); 
txphase(two); 
delay(tauxh-20.0e-6-gt5-grisepsel2); /* INEPT delay *1 
rgpulse(psel2,two,0.0,0.0); 
txphase(zero); xintrphase(zero); 
obspower(tpwr); 	1* back to full proton power *1 
delay(10.0e-6); 
sim3pulse(2*pw,0.0,2*pwx2,Zero,ZerO,ZerO,O.0,0.0) 	1* 180(H-x + N-x) *1 








dec2power(dpwr2); 	1* lower dec2 power for decoupling *1 
obspower(tpwr); 1* back to full proton power *1 
obspower(Hdecpwr); 
delay(tauxh-10.0e-6-gt5-grise-pSel2-2.0*POWER_DELAY) 	1* INEPT delay *1 
zgradpulse(gzlvll ,gt5); 
delay(grise); 




if (Hdecf lg[O] == 'y') { 








8.2 CNS restraints table of the residual dipolar couplings 
measured in VCP:2,3 in presence of 7mg/mi M13 
The residue numbering is that used in Henderson et al. [59] and chapter 5. To obtain native 
sequence add 58 to numbering used here. 
Restraints within VCP:2 
!! Dipolar couplings measured in suspension of M13 phage 
!! Residues with NOE <= 0.6 undergo higher amplitude motion. 	=>> removed 
!! residues 18,25,27,29 have possible Rex =>> removed 
H 67,68 do not belong to Cys-Cys defined body of CCPs 	=>> removed 
!! resid 500 xyz is the tensor template 
II 
!assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 7 and name N) (resid 7 and name HN) -8.145240 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 9 and name N) (resid 9 and name HN) 	-8.509950 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 11 and name N) (resid 11 and name HN) -8.874670 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 16 and name N) (resid 16 and name HN) -1.215710 0.75 
!assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 18 and name N) (resid 18 and name HN) -8.206030 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 19 and name N) (resid 19 and name HN) -8.266810 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 20 and name N) (resid 20 and name HN) -8.509950 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 21 and name N) (resid 21 and name HN) -6.564820 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 22 and name N) (resid 22 and name HN) -2.796120 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 23 and name N) (resid 23 and name HN) -5.653030 0.75 
!assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 24 and name N) (resid 24 and name HN) 2.066700 0.75 
!assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 25 and name N) (resid 25 and name HN) -1.762770 0.75 
!assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 




!assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 29 and name N) (resid 29 and name HN) -0.303930 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 30 and name N) (resid 30 and name HN) -4.437330 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 31 and name N) (resid 31 and name HN) -5.713830 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 32 and name N) (resid 32 and name HN) -5.956960 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 33 and name N) (resid 33 and name HN) -4.984400 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 34 and name N) (resid 34 and name HN) -11.488400 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 35 and name N) (resid 35 and name HN) -11.549200 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 36 and name N) (resid 36 and name HN) -9.178590 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 37 and name N) (resid 37 and name HN) -7.537390 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 38 and name N) (resid 38 and name HN) -3.039260 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 40 and name N) (resid 40 and name HN) -7.294250 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 41 and name N) (resid 41 and name HN) -9.482530 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 42 and name N) (resid 42 and name HN) -10.819800 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 45 and name N) (resid 45 and name HN) -10.151100 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 46 and name N) (resid 46 and name HN) -7.111890 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 48 and name N) (resid 48 and name HN) -4.315770 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 49 and name N) (resid 49 and name RN) -6.382460 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 50 and name N) (resid 50 and name HN) 0.790220 0.75 




(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 55 and name N) (resid 65 and name HN) -5.835390 0.75 
!assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 57 and name N) (resid 57 and name HN) -8.570730 0.76 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 58 and name N) (resid 58 and name HN) -5.045180 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 59 and name N) (resid 69 and name fiN) -7.962880 0.76 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 59 and name NE1) (resid 59 and name HE1) -9.178600 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 60 and name N) (resid 60 and name HN) -1.641220 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 62 and name N) (resid 62 and name HN) -6.078540 0.75 
!assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 63 and name N) (resid 63 and name fiN) -6.382470 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 65 and name N) (resid 65 and name HN) -11.427600 0.75 
assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 66 and name N) (resid 66 and name HN) -9.908020 0.75 
!assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 
(resid 67 and name N) (resid 67 and name HN) -10.090400 0.75 
!assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 600 and name X) (resid 500 and name Y) 
(resid 68 and name N) (resid 68 and name fiN) -9.543310 0.75 
Restraints within VCP:3 
!! Dipolar couplings measured in suspension of M13 phage 
' Residues with NOE <= 0.6 undergo higher amplitude motion. 	=>> removed 
!! residues 91,93,111,113 have possible Rex contribution 	=>> removed 
!! 69,70 do not belong to Cys-Cys defined body of CCPs =>> removed 
!! resid 600 xyz is the tensor template 
I I 
!assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 69 and name N) (resid 69 and name fiN) 	-6.564820 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 71 and name N) (resid 71 and name fiN) 	-2.856910 0.75 
!assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 73 and name N) (resid 73 and name RN) 	-1.823570 0.75 
assign (resid 600 and name 00) 
APPENDICES 
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(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 76 and name N) (resid 76 and name HN) -3.221620 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 77 and name N) (resid 77 and name RN) -8.449170 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 79 and name N) (resid 79 and name HN) -2.066700 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 80 and name N) (resid 80 and name HN) 0.243140 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 81 and name N) (resid 81 and name RN) -9.117810 0.75 
!assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 86 and name N) (resid 86 and name HN) 1.154930 0.75 
!assign (resid 800 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 800 and name Y) 
(resid 88 and name N) (resid 88 and name RN) -6.747170 0.75 
!assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 89 and name N) (resid 89 and name RN) -9.117810 0.75 
!assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 90 and name N) (resid 90 and name RN) -2.674560 0.75 
!assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 91 and name N) (resid 91 and name RN) 18.174800 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 92 and name N) (resid 92 and name HN) -5.713830 0.75 
!assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 93 and name N) (resid 93 and name RN) 6.078540 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 94 and name N) (resid 94 and name HN) -7.051110 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 95 and name N) (resid 95 and name RN) -7.780530 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 97 and name N) (resid 97 and name RN) -6.747180 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 98 and name N) (resid 98 and name RN) -2.796140 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 99 and name N) (resid 99 and name RN) -5.166760 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 100 and name N) (resid 100 and name RN) -6.929540 0.75 
assign (resid 600 and name 00) 




(resid 101 and name N) (resid 101 and name HN) -3.586340 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 102 and name N) (resid 102 and name HN) -2.309840 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 103 and name N) (resid 103 and name HN) 0.425500 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 104 and name N) (resid 104 and name HN) -7.051100 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 105 and name N) (resid 105 and name HN) -7.719740 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 106 and name N) (resid 106 and name HN) -4.133400 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 107 and name N) (resid 107 and name HN) 3.586340 0.75 
!assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 109 and name N) (resid 109 and name HN) -3.221630 0.75 
!assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 110 and name N) (resid 110 and name HN) -3.282420 0.75 
!assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 111 and name N) (resid 111 and name HN) -5.531470 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 112 and name N) (resid 112 and name HN) -1.823570 0.75 
!assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 113 and name N) (resid 113 and name HN) -8.631530 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 114 and name N) (resid 114 and name uN) -7.537400 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 115 and name N) (resid 115 and name uN) -5.653040 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 116 and name N) (resid 116 and name HN) -8.023660 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 117 and name N) (resid 117 and name uN) -9.786430 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 118 and name N) (resid 118 and name uN) -11.731600 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 118 and name NE1) (resid 118 and name HE1) 0.547060 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 




assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 120 and name N) (resid 120 and name RN) 
	-6.747180 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 123 and name N) (resid 123 and name RN) 
	
-2.309850 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 124 and name N) (resid 124 and name RN) 
	
-3.282410 0.75 
assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 125 and name N) (resid 125 and name RN) 
	
-10.029600 0.75 
!assign (resid 600 and name 00) 
(resid 600 and name Z) (resid 600 and name X) (resid 600 and name Y) 
(resid 126 and name N) (resid 126 and name RN) 
	
-9.117800 0.75 
!assign (resid 500 and name 00) 
(resid 500 and name Z) (resid 500 and name X) (resid 500 and name Y) 






8.3 CNS script used for the refinement using RDCs 
REMARK refine_partial. inp 
REMARK refinement protocol with ambiguous restraints 
REMARK essentially as published in 
REMARK Nilges, M. (1993), A calculation strategy for the structure 
REMARK determination of symmetric dimers by 1H NMR. 
REMARK Proteins 17, 297-309. 
REMARK Nilges, M. (1994) 
REMARK Calculation of three-dimensional structures of proteins from 
REMARK ambiguous distance restraints. JMB in press 
Doesn't adjust the scale factor for dihedral restraints 
if ($exist...seed FALSE) then 
evaluate ($seed = 49687367) 
end if 
if ($exist_start_count = FALSE) then 
{====>} evaluate ($start_countO) 	{* number of structures *} 
end if 
if ($exist.end_count = FALSE) then 
{>} evaluate ($en&..count50) 	{* number of structures *} 
end if 
evaluate ($seed = $seed * ($start...count + 1) * $cPU) 
evaluate ($seed = $seed * ($start_count + 1) ) 
set seed = $seed end 
evaluate ($high_steps = 10000) 
evaluate ($cool_steps_1 = 10000) 
evaluate ($init_t = 2000.01) 
set the weights for the experimental energy terms 
evaluate ($knoe = 25.0) 	! noes 
evaluate ($asym = 0.1) ! slope of MOE potential 
noe 
averaging * sum 
potential * soft 
scale 	* 25 
sqconstant * 1.0 
sqexponent * 2 
soexponent * 1 
rswitch 	* 0.5 
sqoffset * 0.0 
asymptote * 0.1 
end 





!scale = 25.0 	 ! Scale factor for the dihedrals. 
9 
end 
evaluate ($rcon = 0.003) 
flags 
exclude * 
include angl bond impr vdw noe cdih 
end 
evaluate ($count = $start_count) 
!KB: load effect of first refinement without 2nd cooling stage and dip 
while ($count < $end_count) loop stru 
!KB cope with VCP_001.pdb till VCP_100.pdb 
if ($count < 10.0 ) then 
evaluate ($temp = "OO') 
elseif ($count < 100.0) then 
evaluate ($temp = "0") 
else 
evaluate ($temp = ") 
end if 
evaluate ($filename". ./struc_Col_sub/VCP_" + $temp + encode ($count)+".pdb") 
coor Q$filenaiue 
evaluate Math = $init_t) 
do (mass = 100.0) (all) 
do (fbeta = 10.0) (all) 
{ 
define prochiral centres to be swapped & floated } 
{ store2 is set AND ids are stored in bcomp & qcomp} 
'DPROTOCOLS: setup_swap. cns 
( 
swap_sel=&swap_sel; 
tPROTOCOLS : float_prochirals . cns 
high temperature stage (reduced non-bonded) *} 
evaluate ($knoe = 25.0) 	! noes 
evaluate ($asym = 0.1) I slope of NOE potential 
no e 
averaging * sum 
potential * soft 
scale 	* $knoe 
sqconstaflt * 1.0 
sqexponent * 2 
soexponent * 1 




sqoffset * 0.0 






wmin = 0.01 
cutnb = 100 
tolerance 45 
repel = 1.2 
rexp = 2 
irex = 2 





scale factor for vdW radii = 1 ( L-J radii) 
exponents in (rirex - R0irex)rexp 
actually set the vdW weight 
inline PR0TOCOLS: setup_reduced. cns 
igroup 
interaction (not storel) (all) 
weights * 1 angl 0.4 impr 0.1 vdw 0 elec 0 end 
interaction (storel) (storel) 
weights * 1 angl 0.4 impr 0.1 vdw 0.1 end 
end 




wmin = 0.01 	warning off 
cutnb = 4.5 ! nonbonded cutoff 
tolerance 0.5 
repel = 0.9 	! scale factor for vdW radii = 1 ( L-J radii) 
rexp = 2 ! exponents in (rirex - R0irex)rexp 
irex = 2 




* =========================== 	 first cooling stage *). 
evaluate ($final_t = 1000) 	{ K } ! second cooling coo12 will start from this temp 
evaluate ($tempstep = 50) { K } 
evaluate ($ncycle = ($init_t-$final_t)/$tempstep) 
evaluate ($nstep = int($cool_steps_1/$ncycle)) 
evaluate ($ini_rad = 0.9) 
evaluate ($ini_con = 0.003) 
evaluate ($ini_ang = 0.25) 
evaluate ($ini_imp = 0.1) 
evaluate ($ini_asy = 0.1) 
evaluate ($ini_flt = 25.0) 
evaluate ($fin_rad = 0.78) 
evaluate Min-con = 4.0) 
evaluate ($fin_ang = 1.0) 
evaluate ($f in_imp = 	1.0) 
evaluate ($fin_asy = 1.0) 




evaluate ($k_vdw = $ini_con) 
evaluate ($k_vdwf act = ($fin_con/$ini_con)(1/$ncycle)) 
	
evaluate ($radius 	$ini_rad) 
evaluate ($radf act = ($:fin_rad/$ini_rad)'(1/$ncycle)) 
evaluate ($k_ang = $ini_ang) 
evaluate ($ang_fac = ($fin_ang/$ini_ang)'(1/$ncycle)) 
evaluate ($k-imp = $ini_imp) 
evaluate ($imp_fac = ($fin_imp/$ini...imp) - (1/$ncycle)) 
evaluate ($asym = $ini_asy) 
evaluate ($asy_fac = ($fin_asy/$ini_asy) (1/$ncycle)) 
evaluate ($k-fit = $iniflt) 
evaluate ($flt_fac = ($fin_flt/$ini_flt) (1/$ncycle)) 
do (vx = maxwell($bath)) (all) 
do (vy = maxwell($bath)) (all) 
do (vz = maxweil($bath)) (all) 
evaluate ($j-cool = 1) 
while ($j -cool < $ncycle) loop cooll 
evaluate ($j_cool$j_cool+ 1 ) 
evaluate Math = $bath - $tempstep) 
evaluate ($k_vdw=min($fin_con,$k_vdw*$k_vdWfaCt)) 
evaluate ($radius=max($fin_rad,$radius*$radfaCt)) 
evaluate ($k_ang = $k_ang*$ang_fac) 
evaluate ($k-imp = $k_imp*$imp_fac) 
evaluate ($asym = $asym*$asy_fac) 
evaluate ($k-fit = $k_flt*$flt_fac) 
igroup interaction (all) (all) weights 
* 1 angles $k_ang improper $k-imp 
end end 
parameter nbonds 
cutnb4. S rcon$k_vdw nbxmod-3 repel$radius 
end 	end 
parameter 
angle (store3) (all) (store3) $k_flt TOKEN 
angle (all) 	(all) (store3) $k-fit TOKEN 
end 
noe 




include angl bond impr vdw noe cdih 
end 
end loop cooll 
{ 
* = 	 Powell energy minimization 
!KB: define sani here: 




evaluate ($fin_NHsani = 10.0) 
evaluate ($fact_NHsani = ($fin_NHsani/$ini_NHsani)(1/$ncycle) ) 
evaluate ($rhomb2 = 0.21) ! SVD 
evaluate ($rhomb3 = 0.28) ! SVD 
evaluate ($Dyy2 = -11.66 ) ! SVD 
evaluate ($Dyy3 = -11.16 ) 1 SVD 




coeff 0.0 $Dyy2 $rhomb2 
class M_3 
force $k_NHsani 




include angl bond impr vdw noe cdih sani 
end 
mini powell nstep= 100 nprint= 50 end 
PR0TOCOLS: swap.downhill . cns 
( 
toswap = methyl amido methylene; 
swap_sel=&swapsel; 





include angl bond impr vdw noe cdih sani 
end 
mini powell nstep= 100 nprint= 50 end 
{ 
* = 	 End of Powell 	 *1 
{ 
* ================== 	 second cooling stage * } 
!! 	evaluate ($cool_steps...2 = 50000) !KB was 4000 
evaluate ($dyn_length = 4.0 ) 	 { ps } 
evaluate ($dyn....step = 0.001 ) 	 { ps } 
evaluate ($final_t = 100) 	{ K } 
evaluate ($tempstep = 45) { K } 
evaluate ($ncycle = ($bath-$final....t)/$tempstep ) 
!! 	evaluate ($nstep = int($cool...steps...2/$ncycle)) 
evaluate ($nstep = int($dyn....length/$dyn...step) ) 
evaluate ($pstep = int($nstep/10.0) ) 	 ! how often to print 




evaluate ($i-cool = 1) 




coeff 0.0 $Dyy2 $rhomb2 
class M_3 
force $k_NHsani 
coeff 0.0 $Dyy3 $rhomb3 
end 
{ Do swaps } 
tPR0T000LS: swap_metropolis. cns 
C toswap = methyl amido methylene; 
swap_sel=&swap_sel; 
bath$bath; 	{needs $bath} 




include angl bond impr vdw noe cdih said 
end 
dynamics cartesian 
nstep$nstep t imestep$dyn_step 
tcoupling = true temperature = $bath nprint$pstep 
ntrfr = 99999999 
end 
evaluate ($k_NHsani = $k_Nllsani*$fact_Nllsani) 
!! increase to twice the length for high kNHsani !!! 
if ($k_NHsani > 3.0) then 
evaluate ($nstep = int(2*$nstep_ini)) 
end if 
evaluate ($bath = $bath - $tempstep) 
evaluate ($i_cool$i_cool+1) 
end loop cool2 
dynamics cartesian 
nstep4nstep timestep$dyn_step 
tcoupling = true temperature = Obath nprint$pstep 
ntrfr = 99999999 
end 
!! repeat with final kNHsani 
evaluate ($stats = 2 * $nstep) 
dynamics cartesian 
nstep$stats timestep$dyn_step 
tcoupling = true temperature = $bath nprint$nstep 
ntrfr = 99999999 
end 
f* ======= 	Powell energy minimization 




QPROTOCOLS : swap_downhill . cns 
C tosvap = methyl amido methylene; 
swap_sel&swap_sel; 





include angi bond impr vdw noe cdih sani 
end 
mini powell nstep= 500 nprint= 50 end 
{ Do swaps } 
DPROTOCOLS swap_downhill . cns 
( 
toswap = methyl amido methylene; 
swap_sel=&swap_sel; 





include angl bond impr vdw noe cdih sani 
end 
mini powell nstep= 500 nprint= 50 end 
{ Do swaps } 
PROT000LS: swap_downhill. cns 
( 
toswap = methyl amido methylene; 
swap_sel=&swap_sel; 





include angl bond impr vdw noe cdih sani 
end 
mini powell nstep= 500 nprint= 50 end 
{ 
* ======== 	End of Powell 	 *1 
{ 
lash up to avoid ids overflowing b & q fields of pdb } 
{ and producing havoc in PROCHECK with q0.01 
do (b = 0.0) (all) 
do (q = 1.0) (all) 
evaluate ($violfile = "violations!" + $fileroot + encode($count) + "_l.viol") 
set print $violfile end 






!KB - added to print included dihedrals 




print threshold0.25 class M_2 




print thres0.05 bonds 
evaluate ($rms_bonds$result) 
print thres5. angles 
evaluate ($rins_angles$result) 
print thres5. impropers 
evaluate ($rms_impropers$result) 
close $violfile end 
remarks 
remarks 	 overall ,bonds ,angles, improper,vdw,noe, cdih,sani 
remarks energies: $ener, $bond, $angl, $impr, $vdw, $noe, $cdih, $sani 
remarks 
remarks 	 bonds, angles, impropers , noe, cdih, sani 
remarks rms-d: $rms_bonds ,$rms_angles ,$rms_impropers ,$rms_noe ,$rmscdih, $rms_NHsani 
remarks 
remarks 	 noe, cdih, sani 
remarks violations.: $violations_noe, $violations_cdih, $viol_NHsani 
remarks 
remarks seed = $seed 
evaluate Wile = "structures!" + $fileroot + encode($count) + "_l.pdb") 
write coor output= $file end 
evaluate ($count = $count + 1) 
end loop stru 
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8.4 The definition of the spherical projection used to il-
lustrate the alignment tensor. 
z 
-z 
Figure 8.1: The Sauson-Flamsteed projection. The equal area pgDreocylindrical 	( 
projectqn the surface of the sphere in which the axes of the cartesian coordinates 
are arrage'd as marked on the chart. The grid is plotted each 100  for the spherical 	0( 




8.5 Measured Relaxation Rates 
8.5.1 Relaxation rates measured in MCP:1 
Relaxation rates measured at 37° C ("v = 599.927 Hz). 
The residue numbering retains signal peptide. CCP:1 begins at Cys35. 
I Residue I R [s'] iR1 R2 [s'] zR2 ' 5N-'H NOE z 15N- 1 H NOE 
30 Glu 1.429 0.006 2.699 0.011 -0.063 0.009 
31 Phe 1.565 0.006 3.217 0.014 -0.183 0.018 
32 Ser 1.596 0.009 3.866 0.025 0.234 0.022 
33 Asp 1.840 0.008 4.269 0.013 0.221 0.010 
34 Ala 1.834 0.020 5.169 0.037 0.401 0.020 
35 Cys 1.892 0.059 6.124 0.067 0.731 0.059 
36 Glu 2.078 0.016 6.031 0.052 0.663 0.015 
37 Glu 1.816 0.015 4.478 0.026 0.423 0.023 
40 Thr 1.995 0.041 5.766 0.064 0.655 0.035 
41 Phe 2.080 0.019 6.494 0.067 0.542 0.023 
42 Glu 2.088 0.014 6.104 0.019 0.737 0.010 
43 Ala 2.152 0.017 6.139 0.053 0.764 0.017 
44 Met 2.144 0.025 7.648 0.063 0.758 0.035 
45 Glu 2.187 0.030 6.553 0.058 0.689 0.040 
46 Leu 2.090 0.018 5.841 0.032 0.558 0.027 
47 lie 2.210 0.018 6.400 0.059 0.584 0.021 
48 Gly 1.978 0.015 5.569 0.068 0.796 0.029 
49 Lys 1.575 0.014 4.531 0.034 0.589 0.019 
51 Lys 1.795 0.036 5.551 0.040 0.647 0.038 
53 Tyr 1.995 0.014 5.882 0.056 0.622 0.015 
54 Tyr 2.159 0.043 6.093 0.116 0.899 0.026 
55 Glu 2.099 0.040 6.045 0.046 0.720 0.015 
57 Gly 2.144 0.040 6.553 0.053 0.897 0.028 
58 Glu 1.999 0.011 6.509 0.028 0.601 0.008 
60 Val 2.288 0.038 7.010 0.131 0.666 0.032 
61 Asp 1.408 0.031 2.420 0.148 - - 
62 Tyr 2.068 0.060 6.255 0.049 0.560 0.024 
63 Lys 2.154 0.039 6.102 0.104 0.394 0.031 
65 Lys 2.186 0.071 6.168 0.078 0.649 0.026 
67 Gly 2.051 0.023 6.413 0.066 0.665 0.021 
68 Tyr 2.204 0.020 6.935 0.058 0.891 0.032 
69 Phe 2.252 0.033 6.063 0.057 0.713 0.026 
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70 Tyr 2.118 0.025 6.745 0.053 0.659 0.023 
71 lie 2.100 0.031 8.385 0.090 0.983 0.033 
74 Leu 1.951 0.017 6.746 0.043 0.706 0.020 
75 Ala 1.967 0.017 6.605 0.064 0.580 0.031 
76 Thr 2.001 0.056 6.608 0.165 0.665 0.034 
77 His 2.032 0.052 6.321 0.090 0.596 0.048 
78 Thr 2.322 0.072 6.122 0.074 0.938 0.036 
79 lie 2.097 0.025 6.053 0.034 0.656 0.020 
80 Cys 2.362 0.086 6.341 0.092 0.864 0.047 
81 Asp 2.414 0.048 10.255 0.156 0.749 0.025 
82 Arg 2.051 0.029 8.215 0.196 0.708 0.032 
84 His 2.115 0.056 14.922 0.399 0.406 0.083 
85 Thr 2.498 0.103 23.833 3.708 - - 
86 Trp 1.848 0.063 12.720 0.245 0.221 0.049 
87 Leu 2.255 0.020 7.381 0.079 0.767 0.023 
89 Val 1.834 0.013 5.671 0.048 0.613 0.028 
90 Ser 1.886 0.020 5.839 0.041 0.645 0.020 
91 Asp 2.018 0.012 5.675 0.022 0.681 0.022 
92 Asp 2.017 0.012 6.240 0.047 0.651 0.018 
93 Ala 1.993 0.016 7.282 0.039 0.678 0.021 
94 Cys 2.005 0.031 6.537 0.162 0.679 0.027 
95 Tyr 2.098 0.034 6.427 0.119 0.773 0.035 
96 Arg 2.049 0.057 6.301 0.051 0.598 0.076 
97 Glu 2.016 0.014 4.783 0.024 0.417 0.011 
98 Thr 1.405 0.012 2.771 0.020 0.166 0.035 
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8.5.2 Relaxation rates measured in VCP:2,3 
The residue numbering is that used in Henderson et al. [59] and chapter 6. Residues 1-4 do 
not belong to VCP sequence. To obtain the native sequence add 58 to numbering used here. 
Relaxation rates measured at 1.2 mM concentration at 37° C. 
Residue 'IIv [Hz] R1 [s'] AR, R2  [8- 1 1 iR2 ' 5 N- 1 H NOE & 5N- 1 H NOE 
Glu 3 599.927 1.2666 0.0080 3.751 0.035 -0.398 0.022 
800.130 1.3566 0.0093 4.383 0.063 - - 
Phe 4 599.927 1.3523 0.0107 3.651 0.043 -0.428 0.033 
500.130 1.6005 0.0345 3.011 0.084 - - 
800.130 1.5079 0.0111 3.500 0.068 - - 
Ile 5 599.927 1.4721 0.0118 4.253 0.048 -0.071 0.029 
800.130 1.4557 0.0123 4.591 0.090 - - 
Arg 7 599.927 1.5692 0.0121 6.822 0.060 0.468 0.027 
500.130 1.9131 0.0325 5.188 0.076 - - 
800.130 1.3719 0.0096 7.840 0.112 - - 
Cys 9 599.927 1.6378 0.0347 11.151 0.244 0.651 0.049 
500.130 2.1106 0.0871 8.967 0.234 - - 
800.130 1.3063 0.0217 14.124 0.225 - - 
Ser 11 599.927 1.5046 0.0125 10.571 0.096 0.672 0.025 
500.130 1.9676 0.0352 8.196 0.095 - - 
800.130 1.2870 0.0082 12.611 0.082 - - 
Asp 16 599.927 1.5547 0.0179 8.964 0.112 0.682 0.031 
500.130 1.9950 0.0398 7.887 0.104 - - 
800.130 1.2556 0.0107 12.893 0.108 - - 
Asn 17 599.927 1.5181 0.0205 10.170 0.147 0.667 0.035 
500.130 2.0963 0.0609 7.937 0.147 - - 
800.130 1.2949 0.0138 12.157 0.115 - - 
Giy 18 599.927 1.5265 0.0182 11.829 0.153 0.691 0.031 
500.130 1.9884 0.0398 9.107 0.118 - - 
800.130 1.2950 0.0093 14.127 0.114 - - 
Gln 19 599.927 1.5898 0.0152 10.867 0.110 0.708 0.025 
500.130 2.0090 0.0373 8.400 0.096 - - 
800.130 1.2514 0.0105 12.892 0.106 - - 
Leu 20 599.927 1.5187 0.0192 10.220 0.140 0.612 0.037 
500.130 1.8859 0.0539 7.945 0.149 - - 
800.130 1.2066 0.0107 12.453 0.106 - - 
Asp 21 599.927 1.6167 0.0210 9.409 0.139 0.683 0.036 
500.130 2.0619 0.0577 7.823 0.145 - - 
800.130 1.2526 0.0128 11.235 0.103 - - 
Ile 22 599.927 1.5622 0.0277 10.364 0.202 0.712 0.045 
500.130 2.0104 0.0675 8.392 0.180 - - 
800.130 1.2499 0.0164 12.825 0.161 - - 
Gly 23 599.927 1.6119 0.0306 10.962 0.216 0.654 0.047 
500.130 2.0902 0.0756 8.968 0.202 - - 




Gly 24 599.927 1.1450 0.0146 10.718 0.139 0.591 0.029 
500.130 1.4681 0.0324 8.299 0.105 - - 
800.130 0.8755 0.0073 14.949 0.112 - - 
Val 25 599.927 1.3406 0.0235 13.918 0.279 0.658 0.046 
500.130 1.7008 0.0650 10.560 0.225 - - 
800.130 1.0904 0.0139 19.131 0.280 - - 
Asp 26 599.927 1.5245 0.0189 10.574 0.141 0.637 0.033 
500.130 1.9891 0.0500 8.512 0.138 - - 
800.130 1.2983 0.0119 13.255 0.111 - - 
Phe 27 599.927 1.2651 0.0093 9.781 0.079 0.636 0.018 
500.130 1.5258 0.0181 6.791 0.056 - - 
800.130 1.0029 0.0062 13.211 0.074 - - 
Ser 29 599.927 1.5218 0.0163 11.707 0.143 0.715 0.030 
500.130 1.9856 0.0429 9.304 0.124 - - 
800.130 1.2972 0.0112 15.733 0.139 - - 
Ser 30 599.927 1.6217 0.0240 10.688 0.181 0.714 0.041 
500.130 2.0625 0.0633 8.239 0.169 - - 
800.130 1.3650 0.0146 13.320 0.138 - - 
Ile 31 599.927 1.6410 0.0311 11.100 0.230 0.704 0.047 
500.130 2.0589 0.0821 8.461 0.208 - - 
800.130 1.3257 0.0208 13.634 0.195 - - 
Thr 32 599.927 1.5532 0.0264 10.984 0.199 0.700 0.049 
500.130 2.0331 0.0767 8.346 0.203 - - 
800.130 1.2343 0.0134 13.191 0.135 - - 
Tyr 33 599.927 1.6609 0.0338 10.729 0.252 0.704 0.050 
500.130 2.0645 0.0799 8.488 0.205 - - 
800.130 1.3438 0.0228 13.340 0.194 - - 
Ser 34 599.927 1.5451 0.0221 11.037 0.167 0.707 0.037 
500.130 2.0742 0.0592 8.676 0.155 - - 
800.130 1.2276 0.0121 12.976 0.125 - - 
Cys 35 599.927 1.5061 0.0200 10.559 0.149 0.698 0.036 
500.130 1.9201 0.0533 8.232 0.141 - - 
800.130 1.2212 0.0114 12.868 0.111 - - 
Asn 36 599.927 1.6281 0.0281 10.167 0.175 0.729 0.039 
500.130 2.1244 0.0625 7.943 0.156 - - 
800.130 1.3766 0.0187 11.789 0.150 - - 
Ser 37 599.927 1.6052 0.0162 10.941 0.126 0.692 0.028 
500.130 2.1098 0.0435 8.513 0.112 - - 
800.130 1.3615 0.0103 12.906 0.096 - - 
Gly 38 599.927 1.7379 0.0345 10.974 0.236 0.662 0.054 
500.130 2.2550 0.1128 8.148 0.259 - - 
800.130 1.5243 0.0259 12.546 0.186 - - 
His 40 599.927 1.5673 0.0415 9.936 0.252 0.721 0.028 
500.130 2.0496 0.2063 7.290 0.482 - - 
800.130 1.3001 0.0507 11.638 0.407 - - 
Leu 41 599.927 1.6170 0.0252 10.716 0.195 0.716 0.037 
500.130 2.0666 0.0585 8.806 0.158 - - 
800.130 1.2454 0.0158 14.082 0.177 - - 




500.130 2.0597 0.0748 8.280 0.185 - - 
800.130 1.2753 0.0183 12.410 0.158 - - 
Ser 45 599.927 1.5926 0.0143 8.769 0.089 0.682 0.028 
500.130 1.9738 0.0357 6.637 0.088 - - 
800.130 1.3322 0.0079 10.213 0.061 - - 
Lys 46 599.927 1.5053 0.0167 10.309 0.125 0.666 0.034 
500.130 1.9174 0.0446 8.132 0.127 - - 
800.130 1.2427 0.0079 13.152 0.077 - - 
Tyr 48 599.927 1.5733 0.0317 10.543 0.231 0.702 0.047 
500.130 2.0274 0.0824 8.583 0.211 - - 
800.130 1.2243 0.0184 12.755 0.178 - - 
Cys 49 599.927 1.6669 0.0341 10.840 0.247 0.704 0.045 
500.130 2.1865 0.0845 8.268 0.210 - - 
800.130 1.2900 0.0227 13.225 0.209 - - 
Glu 50 599.927 1.5321 0.0292 11.830 0.259 0.684 0.043 
500.130 1.9839 0.0674 9.368 0.185 - - 
800.130 1.2213 0.0174 14.221 0.229 - - 
Gly 52 599.927 1.4949 0.0188 9.588 0.125 0.634 0.037 
500.130 1.8965 0.0493 7.219 0.127 - - 
800.130 1.2298 0.0126 11.333 0.105 - - 
Thr 54 599.927 1.3079 0.0252 12.750 0.263 0.573 0.017 
800.130 1.2949 0.0574 14.463 0.594 - - 
Gly 55 599.927 1.4696 0.0164 10.555 0.127 0.553 0.034 
500.130 1.9576 0.0488 8.316 0.133 - - 
800.130 1.3631 0.0115 12.817 0.107 - - 
Met 57 599.927 1.4736 0.0145 8.646 0.093 0.576 0.030 
500.130 1.8482 0.0389 6.456 0.102 - - 
800.130 1.2519 0.0090 10.626 0.073 - - 
Val 58 599.927 1.5682 0.0293 10.908 0.214 0.694 0.050 
500.130 1.9673 0.0762 8.417 0.204 - - 
800.130 1.2669 0.0185 13.726 0.184 - - 
Trp 59 599.927 1.5830 0.0254 10.249 0.179 0.633 0.040 
500.130 1.9331 0.0587 7.892 0.160 - - 
800.130 1.1794 0.0138 12.949 0.138 - - 
Asn 60 599.927 1.5515 0.0279 10.267 0.198 0.733 0.045 
500.130 1.9831 0.0692 8.376 0.176 - - 
800.130 1.2238 0.0148 12.193 0.134 - - 
Glu 62 599.927 1.5681 0.0120 8.873 0.079 0.656 0.023 
500.130 1.8768 0.0282 6.791 0.074 - - 
800.130 1.2867 0.0068 11.247 0.060 - - 
Ala 63 599.927 1.3794 0.0108 10.231 0.086 0.569 0.021 
500.130 1.7390 0.0244 7.754 0.072 - - 
800.130 1.1881 0.0048 9.214 0.036 - - 
Ile 65 599.927 1.6231 0.0242 11.261 0.181 0.720 0.038 
500.130 2.0191 0.0617 8.922 0.169 - - 
800.130 1.2571 0.0128 13.125 0.123 - - 
Cys 66 599.927 1.5428 0.0251 9.873 0.165 0.709 0.045 
500.130 1.9845 0.0639 8.433 0.168 - - 




Glu 67 599.927 1.6069 0.0290 9.993 0.195 0.699 0.046 
500.130 2.0620 0.0795 8.096 0.192 - - 
800.130 1.2398 0.0178 12.479 0.159 - - 
Ser 68 599.927 1.7027 0.0232 11.086 0.162 0.727 0.040 
500.130 2.2016 0.0645 8.520 0.167 - - 
800.130 1.4974 0.0158 13.088 0.133 - - 
Val 69 599.927 1.5854 0.0185 9.563 0.123 0.594 0.031 
500.130 1.9980 0.0478 7.595 0.122 - - 
800.130 1.2931 0.0108 11.610 0.089 - - 
Lys 70 599.927 1.4805 0.0178 8.805 0.116 0.558 0.034 
500.130 1.8469 0.0525 7.452 0.141 - - 
800.130 1.1918 0.0101 11.414 0.095 - - 
Cys 71 599.927 1.7261 0.0141 9.070 0.079 0.653 0.024 
500.130 2.1358 0.0386 7.148 0.090 - - 
800.130 1.4372 0.0085 10.489 0.057 - - 
Gin 72 599.927 1.6767 0.0151 8.696 0.084 0.594 0.023 
500.130 2.0358 0.0402 6.911 0.100 - - 
800.130 1.3703 0.0093 9.908 0.067 - - 
Ser 73 599.927 1.3732 0.0081 7.598 0.045 0.468 0.018 
500.130 1.6823 0.0198 5.553 0.052 - - 
800.130 1.2197 0.0042 8.993 0.031 - - 
Ser 76 599.927 1.5644 0.0123 8.703 0.075 0.635 0.023 
500.130 1.9501 0.0332 6.918 0.083 - - 
800.130 1.3517 0.0074 9.986 0.055 - - 
Ile 77 599.927 1.5722 0.0146 8.726 0.090 0.641 0.026 
500.130 1.9500 0.0397 6.685 0.098 - - 
800.130 1.3487 0.0088 10.284 0.061 - - 
Asn 79 599.927 1.9021 0.0250 9.731 0.139 0.652 0.038 
500.130 2.5136 0.0799 7.481 0.157 - - 
800.130 1.6882 0.0195 10.628 0.100 - - 
Gly 80 599.927 1.7091 0.0120 9.862 0.079 0.705 0.021 
500.130 2.1959 0.0276 7.538 0.069 - - 
800.130 1.4882 0.0067 11.337 0.053 - - 
Arg 81 599.927 1.6874 0.0196 8.903 0.083 0.658 0.027 
500.130 2.1594 0.0396 7.222 0.091 - - 
800.130 1.2922 0.0161 11.055 0.127 - - 
His 82 599.927 1.4917 0.0053 9.706 0.040 0.575 0.005 
500.130 1.9384 0.0316 7.694 0.084 - - 
800.130 1.3846 0.0075 11.971 0.057 - - 
Asn 83 599.927 1.8178 0.0178 8.631 0.097 0.648 0.028 
500.130 2.2210 0.0495 7.155 0.110 - - 
800.130 1.5401 0.0113 9.609 0.063 - - 
Gly 84 599.927 1.6786 0.0283 10.499 0.197 0.704 0.046 
500.130 2.3069 0.0617 7.993 0.141 - - 
800.130 1.4954 0.0243 12.428 0.167 - - 
Giu 86 599.927 1.5470 0.0117 8.127 0.070 0.542 0.021 
500.130 1.9243 0.0374 6.297 0.092 - - 
800.130 1.3904 0.0075 9.245 0.047 - - 
Phe 88 599.927 1.5667 0.0139 8.217 0.077 0.536 0.028 
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500.130 1.9525 0.0395 6.561 0.099 - - 
800.130 1.4043 0.0078 9.814 0.052 - - 
Tyr 89 599.927 1.7147 0.0251 8.544 0.131 0.588 0.040 
500.130 2.1465 0.0753 6.824 0.168 - - 
800.130 1.4219 0.0157 9.893 0.102 - - 
Thr 90 599.927 1.5607 0.0148 9.214 0.095 0.579 0.031 
500.130 2.0098 0.0448 7.381 0.115 - - 
800.130 1.3260 0.0091 10.931 0.069 - - 
Asp 91 599.927 1.3669 0.0150 13.288 0.166 0.638 0.030 
500.130 1.7721 0.0341 10.604 0.119 - - 
800.130 1.1510 0.0107 16.054 0.145 - - 
Gly 92 599.927 1.7676 0.0204 9.336 0.118 0.665 0.034 
500.130 2.1283 0.0543 7.288 0.123 - - 
800.130 1.4613 0.0132 11.080 0.091 - - 
Ser 93 599.927 1.5036 0.0133 11.914 0.117 0.676 0.030 
500.130 1.9911 0.0363 9.512 0.111 - - 
800.130 1.3182 0.0079 15.030 0.092 - - 
Val 94 599.927 1.6810 0.0184 8.701 0.105 0.612 0.032 
500.130 2.1100 0.0525 7.168 0.127 - - 
800.130 1.4082 0.0106 10.216 0.076 - - 
Val 95 599.927 1.7712 0.0228 9.033 0.133 0.654 0.035 
500.130 2.1354 0.0605 7.162 0.146 - - 
800.130 1.4280 0.0158 10.980 0.110 - - 
Tyr 97 599.927 1.7622 0.0261 8.982 0.156 0.668 0.042 
500.130 2.2618 0.0727 7.083 0.154 - - 
800.130 1.4921 0.0170 11.052 0.108 - - 
Ser 98 599.927 1.6893 0.0193 8.892 0.107 0.609 0.031 
500.130 2.0949 0.0543 7.203 0.127 - - 
800.130 1.3587 0.0106 9.954 0.071 - - 
Cys 99 599.927 1.6868 0.0156 8.847 0.090 0.664 0.029 
500.130 2.0240 0.0417 6.912 0.101 - - 
800.130 1.4543 0.0093 10.105 0.059 - - 
Asn 100 599.927 1.7066 0.0165 8.692 0.096 0.637 0.024 
500.130 2.0870 0.0427 6.444 0.098 - - 
800.130 1.4480 0.0109 9.793 0.068 - - 
Ser 101 599.927 1.7536 0.0189 9.815 0.118 0.704 0.030 
500.130 2.1552 0.0448 8.098 0.114 - - 
800.130 1.6304 0.0126 10.716 0.075 - - 
Gly 102 599.927 1.7856 0.0281 9.425 0.160 0.665 0.043 
500.130 2.3251 0.1051 7.305 0.229 - - 
800.130 1.7185 0.0211 10.010 0.104 - - 
Tyr 103 599.927 1.7172 0.0148 9.367 0.090 0.633 0.027 
500.130 2.1810 0.0464 7.317 0.110 - - 
800.130 1.5184 0.0089 10.854 0.057 - - 
Ser 104 599.927 1.7082 0.0169 8.264 0.094 0.612 0.027 
500.130 2.0793 0.0418 6.820 0.097 - - 
800.130 1.4449 0.0096 9.403 0.058 - - 
Leu 105 599.927 1.6397 0.0166 8.719 0.098 0.644 0.028 




800.130 1.3449 0.0091 10.637 0.069 - - 
Ile 106 599.927 1.8240 0.0231 8.533 0.130 0.650 0.031 
500.130 2.1495 0.0513 6.801 0.113 - - 
800.130 1.4629 0.0142 9.575 0.094 - - 
Gly 107 599.927 1.5395 0.0156 9.875 0.110 0.656 0.028 
500.130 1.8761 0.0418 7.742 0.109 - - 
800.130 1.2434 0.0088 11.587 0.079 - - 
Ser 109 599.927 1.7275 0.0096 7.280 0.050 0.591 0.018 
500.130 2.0787 0.0254 5.633 0.056 - - 
800.130 1.5636 0.0065 8.247 0.034 - - 
Gly 110 599.927 1.6711 0.0124 8.302 0.070 0.590 0.023 
500.130 2.0350 0.0341 6.641 0.082 - - 
800.130 1.4529 0.0074 10.415 0.051 - - 
Val 111 599.927 1.7243 0.0229 10.375 0.151 0.656 0.038 
500.130 2.1099 0.0617 8.223 0.155 - - 
800.130 1.4081 0.0145 13.288 0.128 - - 
Len 112 599.927 1.8113 0.0272 9.188 0.160 0.663 0.039 
500.130 2.1288 0.0725 7.400 0.163 - - 
800.130 1.4370 0.0189 11.182 0.135 - - 
Cys 113 599.927 1.7869 0.0278 9.599 0.170 0.612 0.038 
500.130 2.1719 0.0675 7.722 0.163 - - 
800.130 1.5042 0.0190 12.654 0.148 - - 
Ser 114 599.927 1.6779 0.0190 9.377 0.112 0.667 0.031 
500.130 2.1075 0.0487 7.398 0.111 - - 
800.130 1.3439 0.0116 11.689 0.090 - - 
Gly 115 599.927 1.7372 0.0185 9.118 0.109 0.673 0.030 
500.130 2.1461 0.0467 7.612 0.111 - - 
800.130 1.4855 0.0121 10.659 0.076 - - 
Gly 116 599.927 1.7654 0.0194 8.326 0.102 0.622 0.032 
500.130 2.0788 0.0440 6.568 0.102 - - 
800.130 1.4707 0.0107 10.449 0.068 - - 
Gin 117 599.927 1.6678 0.0148 9.349 0.089 0.657 0.026 
500.130 2.0247 0.0389 7.239 0.099 - - 
800.130 1.3588 0.0073 11.720 0.057 - - 
Trp 118 599.927 1.6732 0.0203 8.659 0.117 0.713 0.030 
500.130 1.9695 0.0457 6.696 0.111 - - 
800.130 1.3019 0.0112 10.789 0.086 - - 
Ser 119 599.927 1.7616 0.0158 8.856 0.089 0.671 0.030 
500.130 2.1498 0.0427 6.898 0.099 - - 
800.130 1.4922 0.0094 10.492 0.063 - - 
Asp 120 599.927 1.5536 0.0092 8.294 0.056 0.616 0.019 
500.130 1.9454 0.0228 6.514 0.057 - - 
800.130 1.3384 0.0052 9.923 0.037 - - 
Thr 123 599.927 1.7335 0.0179 8.733 0.102 0.643 0.029 
500.130 2.1415 0.0530 7.174 0.122 - - 
800.130 1.4425 0.0093 10.345 0.065 - - 
Cys 124 599.927 1.6340 0.0194 8.291 0.109 0.631 0.034 
500.130 2.0406 0.0493 6.560 0.116 - - 
800.130 1.3911 0.0109 9.647 0.069 - - 
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Gin 	125 599.927 1.7370 0.0200 8.280 0.111 	0.623 	0.029 
500.130 2.1826 0.0539 6.653 0.114 - 	 - 
800.130 1.4194 0.0123 9.472 0.072 	- 	 - 
Ile 	126 599.927 1.5944 0.0141 8.090 0.083 0.599 0.024 
500.130 1.9139 0.0342 6.320 0.085 	- 	 - 
800.130 1.3728 0.0081 10.000 0.058 - 	 - 
Val 	127 599.927 1.5753 0.0107 6.341 0.055 	0.297 0.017 
500.130 1.7483 0.0233 5.116 0.057 - 	 - 
800.130 1.4134 0.0049 7.108 0.029 	- 	 - 
Relaxation rates measured at 1.2 mM concentration at 25 0 and 15° C ( l "v 
= 599.927 Hz). 
Residue I R [s'] zR1 R2 [s'] AR2 I Ri [s'] AR1 R2 [s'] LR2 
9 Cys 1.530 0.107 11.94 1.24 1.429 0.170 16.05 1.87 
11 Ser 1.241 0.028 11.22 0.35 1.012 0.039 14.80 0.50 
16 Asp 1.434 0.056 10.87 0.63 1.161 0.088 14.93 1.02 
17 Asn 1.396 0.048 10.46 0.52 1.200 0.087 15.24 1.02 
18 Giy 1.393 0.047 12.27 0.65 1.103 0.060 16.71 0.91 
19 Gin 1.445 0.049 11.65 0.58 1.247 0.074 15.74 0.89 
20 Leu 1.454 0.061 9.79 0.56 1.190 0.080 13.59 0.84 
21 Asp 1.459 0.060 10.24 0.60 1.244 0.083 12.75 0.83 
22 lie 1.387 0.078 10.78 0.86 1.150 0.107 14.25 1.20 
23 Gly 1.509 0.095 11.40 1.08 1.190 0.126 16.32 1.60 
24 Gly 1.025 0.043 12.58 0.73 0.916 0.073 16.85 1.20 
25 Val 1.135 0.069 16.80 1.65 0.931 0.110 21.16 2.57 
26 Asp 1.448 0.060 10.84 0.66 1.172 0.083 14.87 1.03 
27 Phe 1.142 0.028 12.07 0.40 0.956 0.048 15.70 0.67 
29 Ser 1.339 0.038 7.84 0.31 1.133 0.044 12.45 0.42 
30 Ser 1.440 0.067 11.93 0.80 1.233 0.086 13.10 0.90 
31 lie 1.241 0.028 11.22 0.35 1.303 0.130 15.64 1.49 
32 Thr 1.478 0.078 11.46 0.94 1.309 0.097 16.57 1.26 
33 Tyr 1.500 0.093 10.93 1.01 1.190 0.059 13.31 0.56 
34 Ser 1.355 0.062 12.19 0.80 1.126 0.089 15.96 1.18 
35 Cys 1.335 0.055 11.69 0.69 1.100 0.071 16.05 0.93 
36 Asn 1.549 0.080 11.18 0.85 1.261 0.119 14.92 1.30 
37 Ser 1.477 0.040 9.85 0.36 1.108 0.055 13.00 0.52 
38 Gly 1.461 0.071 10.87 0.78 1.321 0.100 14.26 1.06 
40 His 1.316 0.209 9.18 2.09 1.395 0.297 13.30 3.03 
41 Leu 1.559 0.074 11.26 0.81 1.198 0.115 15.65 1.47 




45 Ser 1.384 0.043 9.75 0.40 1.240 0.060 12.86 0.59 
46 Lys 1.392 0.051 11.48 0.59 1.244 0.068 15.42 0.81 
48 Tyr 1.388 0.092 11.96 1.05 1.262 0.130 15.51 1.51 
49 Cys 1.489 0.105 12.49 1.16 1.203 0.136 10.32 1.23 
50 Glu 1.379 0.084 13.54 1.21 1.172 0.118 15.81 1.63 
52 Gly 1.396 0.048 10.46 0.52 1.200 0.085 14.15 0.93 
54 Thr 1.021 0.063 12.42 1.02 0.978 0.061 16.74 0.97 
55 Gly 1.221 0.043 11.55 0.57 0.969 0.058 15.05 0.76 
57 Met 1.302 0.043 9.45 0.42 1.118 0.057 12.74 0.60 
58 Val 1.436 0.097 11.69 1.17 1.241 0.147 16.05 1.85 
59 Trp 1.314 0.032 6.34 0.23 1.195 0.103 15.77 1.23 
60 Asn 1.390 0.075 10.90 0.84 1.156 0.099 14.26 1.19 
62 Glu 1.440 0.034 8.91 0.30 1.221 0.035 14.35 0.41 
63 Ala 1.240 0.032 12.01 0.44 1.046 0.046 16.20 0.64 
65 lie 1.487 0.070 14.17 0.89 1.182 0.102 15.63 1.17 
66 Cys 1.360 0.069 11.25 0.82 1.215 0.096 13.85 1.10 
67 Glu 1.489 0.089 11.41 0.99 1.136 0.121 14.86 1.50 
68 Ser 1.415 0.057 11.40 0.66 1.261 0.084 14.94 0.96 
69 Val 1.440 0.059 10.65 0.63 1.161 0.086 14.02 0.91 
70 Lys 1.329 0.056 10.27 0.59 1.145 0.086 13.98 0.91 
71 Cys 1.598 0.041 10.47 0.40 1.390 0.050 13.99 0.48 
72 Gin 1.546 0.046 9.70 0.40 1.339 0.061 12.45 0.53 
73 Ser 1.314 0.027 8.61 0.24 1.196 0.036 11.58 0.32 
76 Ser 1.332 0.031 9.22 0.29 1.156 0.041 12.89 0.41 
77 lie 1.424 0.044 10.33 0.45 1.253 0.060 13.29 0.61 
79 Asn 1.663 0.059 9.63 0.51 1.383 0.080 12.41 0.67 
80 Gly 1.543 0.033 10.93 0.35 1.334 0.042 14.30 0.45 
81 Arg 1.549 0.045 10.60 0.43 1.340 0.062 13.72 0.58 
82 His 1.231 0.032 10.83 0.39 1.027 0.042 14.04 0.52 
83 Asn 1.724 0.055 9.54 0.43 1.449 0.076 12.67 0.64 
84 Gly 1.423 0.094 10.44 1.03 1.170 0.154 14.82 1.85 
86 Glu 1.422 0.040 8.90 0.34 1.186 0.053 11.98 0.48 
88 Phe 1.515 0.043 9.02 0.37 1.282 0.052 12.03 0.47 
89 Tyr 1.577 0.077 9.82 0.69 1.369 0.108 12.90 0.99 
90 Thr 1.384 0.043 10.30 0.45 1.203 0.060 13.77 0.65 
91 Asp 1.152 0.045 15.08 0.92 1.013 0.070 19.79 1.45 
92 Gly 1.590 0.066 9.86 0.60 1.430 0.090 13.45 0.88 
93 Ser 1.389 0.042 13.82 0.67 1.245 0.058 18.59 0.89 
94 Val 1.555 0.057 9.96 0.51 1.318 0.073 13.38 0.70 




96 Thr 1.314 0.050 4.79 0.29 1.448 0.083 12.65 0.74 
97 Tyr 1.615 0.078 10.15 0.71 1.418 0.117 12.70 1.11 
98 Ser 1.549 0.062 10.29 0.58 1.314 0.081 13.26 0.76 
99 Cys 1.499 0.046 9.63 0.43 1.297 0.056 13.19 0.54 
100 Asn 1.632 0.056 9.83 0.48 1.415 0.079 12.64 0.68 
101 Ser 1.423 0.037 9.79 0.34 1.248 0.044 12.65 0.41 
102 Gly 1.554 0.052 9.14 0.44 1.443 0.065 12.12 0.55 
103 Tyr 1.583 0,047 10.31 0.44 1.446 0.059 13.37 0.56 
104 Ser 1.629 0.052 9.37 0.43 1.389 0.065 12.57 0.57 
105 Leu 1.469 0.050 9.65 0.46 1.279 0.073 13.15 0.71 
106 lie 1.639 0.071 9.78 0.62 1.460 0.105 12.15 0.88 
107 Gly 1.358 0.047 11.17 0.55 1.159 0.065 14.61 0.77 
109 Ser 1.540 0.029 8.10 0.21 1.328 0.038 10.77 0.30 
110 Gly 1.570 0.038 9.29 0.33 1.341 0.044 12.66 0.41 
111 Val 1.593 0.077 12.93 0.93 1.424 0.107 17.36 1.42 
112 Leu 1.734 0.090 11.08 0.84 1.497 0.134 13.87 1.23 
113 Cys 1.678 0.086 10.64 0.81 1.348 0.120 14.31 1.23 
114 Ser 1.496 0.051 10.68 0.53 1.276 0.066 13.67 0.67 
115 Gly 1.632 0.055 9.97 0.48 1.365 0.071 12.95 0.66 
116 Gly 1.703 0.056 10.08 0.48 1.487 0.071 12.96 0.62 
117 Glu 1.587 0.045 10.79 0.44 1.350 0.053 14.43 0.54 
118 Trp 1.431 0.036 9.87 0.35 1.382 0.078 13.16 0.70 
119 Ser 1.587 0.050 10.25 0.48 1.339 0.042 13.00 0.41 
120 Asp 1.449 0.029 9.56 0.28 1.304 0.036 12.72 0.34 
123 Thr 1.603 0.054 9.80 0.48 1.419 0.072 13.01 0.65 
124 Cys 1.502 0.062 8.91 0.54 1.412 0.084 11.98 0.71 
125 Gin 1.618 0.061 9.35 0.51 1.464 0.085 12.34 0.72 
126 lie 1.532 0.042 8.91 0.35 1.324 0.063 11.99 0.55 
127 Val 1.592 0.036 7.51 0.24 1.512 0.050 10.07 0.35 
Relaxation rates measured at 0.6 mM and 0.3 mM concentrations and at 
370 C (11T1V = 599.927 Hz). 
Residue R1 [s''] 
0.6 mM 
AR, 	R2 [s 1 ] i.R2 R1 [s'] 
0.3 mM 
zR1 	R2 [s" 1 ] i.R2 
3 Glu 1.061 0.020 2.66 0.20 1.652 0.036 8.10 0.30 
7 Arg 1.501 0.042 5.54 0.44 1.646 0.035 5.73 0.25 
9 Cys 1.659 0.078 9.04 1.05 1.847 0.086 8.83 0.77 
11 Ser 1.460 0.030 8.18 0.42 1.652 0.041 9.56 0.37 
16 Asp 1.632 0.042 6.86 0.47 1.568 0.047 7.86 0.38 
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17 Asn 1.620 0.052 8.40 0.68 1.706 0.045 9.34 0.37 
18 Gly 1.638 0.046 9.86 0.69 1.595 0.061 10.02 0.60 
19 Gin 1.683 0.039 8.79 0.50 1.766 0.044 9.76 0.39 
20 Leu 1.598 0.050 8.36 0.66 1.651 0.044 9.08 0.41 
21 Asp 1.702 0.055 7.75 0.64 1.809 0.054 7.82 0.44 
22 lie 1.561 0.065 8.17 0.88 1.762 0.071 8.62 0.59 
23 Giy 1.693 0.072 9.00 0.97 1.897 0.076 10.40 0.73 
24 Giy 1.205 0.037 8.67 0.61 1.219 0.046 8.70 0.49 
25 Val 1.381 0.059 11.39 1.22 1.416 0.062 14.43 0.92 
26 Asp 1.600 0.050 8.85 0.66 1.779 0.053 8.82 0.48 
27 Phe 1.319 0.023 8.96 0.36 1.446 0.023 8.74 0.22 
29 Ser 1.601 0.043 9.64 0.62 1.702 0.050 9.99 0.49 
30 Ser 1.684 0.064 8.58 0.82 1.791 0.052 9.86 0.47 
31 lie 1.718 0.079 9.11 1.05 1.662 0.056 9.86 0.53 
32 Thr 1.654 0.067 8.80 0.88 1.670 0.059 9.05 0.54 
33 Tyr 1.775 0.081 8.86 1.04 1.792 0.084 9.81 0.73 
34 Ser 1.682 0.057 8.86 0.74 1.667 0.059 9.20 0.54 
35 Cys 1.547 0.051 8.38 0.70 1.621 0.053 8.99 0.49 
36 Asn 1.761 0.066 8.40 0.79 2.029 0.062 7.89 0.50 
37 Ser 1.508 0.036 8.65 0.50 1.780 0.034 9.72 0.32 
38 Gly 1.668 0.074 8.35 0.92 1.891 0.071 10.38 0.70 
40 His 1.745 0.218 8.29 2.72 1.889 0.212 9.36 1.80 
41 Leu 1.599 0.058 8.73 0.76 1.689 0.074 9.54 0.67 
42 lie 1.711 0.078 8.59 0.98 1.774 0.076 8.31 0.68 
45 Ser 1.653 0.037 7.20 0.42 1.798 0.044 7.62 0.35 
46 Lys 1.618 0.048 8.56 0.62 1.659 0.049 8.99 0.43 
48 Tyr 1.640 0.083 8.48 1.04 1.633 0.073 7.87 0.60 
49 Cys 1.693 0.084 8.49 1.07 1.877 0.076 9.91 0.65 
50 Glu 1.617 0.077 9.83 1.13 1.720 0.078 10.17 0.82 
52 Gly 1.597 0.047 7.95 0.59 1.673 0.036 8.39 0.34 
54 Thr 1.330 0.173 8.39 2.84 1.448 0.215 13.31 3.26 
55 Giy 1.404 0.042 8.56 0.62 1.564 0.048 9.87 0.45 
57 Met 1.490 0.038 7.20 0.44 1.694 0.039 7.23 0.30 
58 Val 1.652 0.078 8.98 1.00 1.820 0.066 9.23 0.58 
59 Trp 1.583 0.064 8.31 0.86 1.686 0.069 8.44 0.58 
60 Asn 1.598 0.070 8.17 0.90 1.792 0.073 8.61 0.63 
62 Glu 1.629 0.033 7.25 0.36 1.709 0.040 6.95 0.32 
63 Ala 1.449 0.029 8.00 0.41 1.368 0.040 8.69 0.41 
65 lie 1.700 0.063 9.14 0.85 1.669 0.054 10.88 0.57 




67 Glu 1.694 0.071 8.11 0.86 1.871 0.074 8.45 0.63 
68 Ser 1.638 0.051 8.78 0.67 1.949 0.063 9.98 0.57 
69 Val 1.658 0.049 7.79 0.60 1.556 0.054 7.31 0.46 
70 Lys 1.513 0.044 7.47 0.54 1.671 0.055 7.59 0.45 
71 Cys 1.768 0.037 7.54 0.42 1.983 0.040 7.90 0.28 
72 Gin 1.690 0.041 6.99 0.44 1.804 0.034 6.85 0.26 
73 Ser 1.434 0.020 6.08 0.24 1.539 0.033 6.30 0.25 
76 Ser 1.503 0.031 7.02 0.37 1.658 0.034 6.64 0.26 
77 lie 1.609 0.038 7.25 0.45 1.807 0.041 6.82 0.31 
79 Asn 1.755 0.055 7.59 0.61 2.086 0.066 7.69 0.48 
80 Giy 1.746 0.031 8.15 0.38 1.748 0.042 8.07 0.36 
81 Arg 1.750 0.045 7.29 0.47 1.745 0.041 8.02 0.39 
82 His 1.362 0.031 7.90 0.42 1.510 0.028 8.21 0.27 
83 Asn 1.801 0.048 7.07 0.49 2.002 0.045 7.33 0.29 
84 Gly 1.604 0.071 8.38 0.93 1.742 0.070 9.52 0.64 
86 Giu 1.516 0.033 6.51 0.37 1.639 0.034 6.93 0.26 
88 Phe 1.619 0.037 6.75 0.41 1.681 0.043 7.77 0.34 
89 Tyr 1.790 0.063 7.06 0.66 1.866 0.062 7.20 0.45 
90 Thr 1.578 0.036 7.60 0.44 1.544 0.046 8.70 0.38 
91 Asp 1.343 0.035 10.82 0.69 1.433 0.040 10.45 0.45 
92 Gly 1.788 0.053 7.67 0.58 1.893 0.052 7.69 0.38 
93 Ser 1.579 0.036 10.22 0.58 1.686 0.046 9.70 0.41 
94 Val 1.640 0.049 7.43 0.54 1.880 0.042 7.47 0.31 
95 Val 1.869 0.058 7.51 0.62 1.777 0.054 8.16 0.45 
97 Tyr 1.854 0.066 7.51 0.67 2.019 0.066 7.33 0.48 
98 Ser 1.732 0.048 7.45 0.53 1.786 0.052 6.17 0.39 
99 Cys 1.671 0.040 7.25 0.45 1.790 0.044 7.22 0.33 
100 Asn 1.757 0.043 7.16 0.45 1.971 0.052 7.19 0.35 
101 Ser 1.661 0.043 7.85 0.49 1.820 0.038 9.49 0.37 
102 Gly 1.689 0.064 7.07 0.69 1.730 0.065 8.49 0.51 
103 Tyr 1.775 0.040 7.75 0.44 1.960 0.043 8.21 0.32 
104 Ser 1.740 0.045 6.99 0.46 1.887 0.048 6.72 0.35 
105 Leu 1.680 0.040 7.38 0.45 1.849 0.050 7.57 0.38 
106 lie 1.856 0.062 7.17 0.63 1.884 0.057 6.23 0.42 
107 Gly 1.518 0.040 8.09 0.52 1.724 0.036 7.77 0.30 
109 Ser 1.635 0.025 5.98 0.24 1.706 0.031 6.47 0.23 
110 Gly 1.738 0.035 7.07 0.38 1.694 0.035 7.07 0.27 
111 Val 1.769 0.062 8.58 0.75 1.941 0.055 8.32 0.45 
112 Leu 1.804 0.067 7.81 0.74 1.873 0.055 7.29 0.43 




114 Ser 1.730 0.049 7.89 0.56 1.847 0.055 6.98 0.41 
115 Gly 1.748 0.048 7.54 0.52 1.788 0.048 7.95 0.39 
116 Gly 1.836 0.047 7.25 0.47 1.916 0.061 6.34 0.44 
117 Glu 1.745 0.041 7.87 0.46 1.873 0.048 7.74 0.40 
118 Trp 1.702 0.053 7.31 0.57 1.678 0.044 7.00 0.34 
119 Ser 1.795 0.041 7.49 0.45 1.918 0.045 7.98 0.34 
120 Asp 1.619 0.024 7.08 0.27 1.729 0.036 6.81 0.27 
123 Thr 1.785 0.047 7.41 0.51 1.837 0.048 7.37 0.36 
124 Cys 1.719 0.054 6.92 0.56 1.804 0.050 7.18 0.36 
125 Gin 1.811 0.057 6.69 0.56 1.842 0.052 6.27 0.36 
126 lie 1.691 0.035 6.79 0.37 1.666 0.043 6.56 0.33 




8.5.3 Relaxation rates measured in VCP:3,4 at 370  C ( ' Flu = 599.927 
Hz). 
The residue numbering is that used in Wiles et al. [169] and chapter 6. To obtain the native 
sequence add 126 to numbering used here. 
I Residue I R1 [s'] AR, R2 [s'] i.R2 ' 5 N-'H NOE &5N-'H NOE 
Cys 3 1.764 0.097 9.18 0.58 0.590 0.030 
Gln 4 1.652 0.042 8.57 0.26 0.827 0.014 
Ser 5 1.282 0.047 7.33 0.38 0.569 0.019 
Ser 8 1.619 0.056 8.13 0.35 0.582 0.020 
Ile 9 1.532 0.068 7.95 0.48 0.684 0.019 
Gly 12 1.604 0.076 10.22 0.60 0.687 0.012 
Arg 13 1.651 0.066 10.22 0.49 0.734 0.020 
His 14 1.494 0.076 10.26 0.62 0.893 0.028 
Gin 18 1.426 0.056 9.26 0.43 0.264 0.015 
Phe 20 1.594 0.061 6.59 0.38 0.462 0.015 
Thr 22 1.703 0.068 6.44 0.44 0.790 0.020 
Gly 24 1.593 0.092 8.01 0.57 0.752 0.026 
Ser 25 1.586 0.067 9.52 0.51 0.830 0.024 
Val 26 1.652 0.064 7.77 0.40 0.652 0.026 
Val 27 1.568 0.089 7.71 0.56 0.670 0.023 
Thr 28 1.647 0.040 8.64 0.26 0.827 0.014 
Tyr 29 1.674 0.112 10.87 0.79 0.930 0.039 
Ser 30 1.556 0.077 10.01 0.56 0.499 0.016 
Cys 31 1.580 0.067 8.47 0.50 0.770 0.023 
Ser 33 1.340 0.049 9.61 0.44 0.805 0.021 
Giy 34 1.665 0.084 8.84 0.53 0.882 0.026 
Tyr 35 1.606 0.062 10.17 0.48 0.650 0.022 
Ser 36 1.722 0.075 7.53 0.39 0.759 0.021 
Len 37 1.646 0.073 7.88 0.45 0.728 0.020 
Ile 38 1.708 0.097 8.19 0.62 0.563 0.020 
Gly 39 1.250 0.042 8.98 0.45 0.467 0.017 
Gly 42 1.493 0.061 9.18 0.50 0.655 0.018 
Val 43 1.613 0.094 9.61 0.62 0.457 0.031 
Leu 44 1.777 0.095 9.69 0.58 0.751 0.030 
Cys 45 1.840 0.114 8.92 0.63 0.721 0.024 
Ser 46 1.767 0.087 8.26 0.49 0.607 0.018 
Gly 47 1.782 0.071 7.43 0.42 0.760 0.023 
Giy 48 2.068 0.123 7.84 0.61 0.999 0.035 
Gin 49 1.934 0.070 8.49 0.39 0.617 0.013 
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Ser 51 1.711 0.074 8.35 0.45 0.565 0.017 
Asp 52 1.532 0.050 7.98 0.35 0.679 0.016 
Thr 55 1.447 0.075 9.63 0.62 0.660 0.024 
Gin 57 1.627 0.080 7.24 0.54 0.792 0.025 
Ile 58 1.710 0.076 7.75 0.44 0.699 0.019 
Val 59 1.540 0.077 8.32 0.56 0.625 0.023 
Lys 60 1.620 0.080 7.62 0.49 0.779 0.025 
Cys 61 1.858 0.097 7.96 0.52 0.845 0.032 
Thr 65 1.253 0.043 6.52 0.33 0.577 0.019 
Ser 67 1.620 0.050 8.86 0.29 0.711 0.021 
Asn 68 1.690 0.066 8.33 0.42 0.646 0.018 
Gly 69 1.769 0.090 9.07 0.55 0.640 0.015 
Leu 71 1.714 0.056 8.06 0.34 0.409 0.015 
Ser 73 1.653 0.057 7.31 0.37 0.633 0.017 
Gly 74 1.701 0.066 7.02 0.39 0.735 0.022 
Lys 76 1.880 0.095 8.29 0.44 0.627 0.020 
Arg 77 1.587 0.047 7.34 0.33 0.682 0.025 
Ser 78 1.662 0.052 7.17 0.31 0.600 0.015 
Ser 80 1.686 0.093 9.79 0.58 0.864 0.038 
Tyr 81 1.511 0.062 9.20 0.47 0.552 0.019 
Val 85 1.906 0.084 8.85 0.46 0.707 0.025 
Asp 86 1.707 0.077 8.40 0.48 0.693 0.019 
Tyr 91 1.593 0.054 7.78 0.36 0.637 0.021 
Gly 92 1.617 0.066 7.32 0.40 0.747 0.020 
Lys 94 1.971 0.082 7.80 0.40 0.656 0.024 
Leu 95 1.596 0.055 8.46 0.38 0.871 0.024 
Ser 96 1.867 0.068 8.04 0.37 0.750 0.020 
Giy 97 1.542 0.047 8.16 0.36 0.531 0.014 
Ser 98 1.501 0.054 7.70 0.36 0.594 0.017 
Ser 99 1.745 0.055 6.98 0.32 0.716 0.018 
Ser 100 1.727 0.064 8.00 0.39 0.724 0.019 
Ser 101 1.927 0.082 8.81 0.40 0.601 0.018 
Cys 103 2.093 0.141 9.40 0.67 0.623 0.025 
Ser 104 1.424 0.083 10.32 0.75 0.753 0.025 
Gly 106 1.672 0.111 12.92 1.03 0.777 0.038 
Asn 107 1.678 0.075 9.60 0.55 0.790 0.025 
Thr 108 1.417 0.054 10.79 0.59 0.905 0.024 
Trp 109 1.462 0.070 8.62 0.78 0.844 0.024 
Lys 110 1.679 0.085 8.27 0.48 0.691 0.025 
Gin 112 1.656 0.045 7.34 0.28 0.436 0.013 
227 APPENDICES 
	
Lys 115 1 1.746 	0.066 	8.60 	0.40 	0.605 	0.017 
Val 117 	1.680 	0.070 7.91 0.41 0.698 0.025 
APPENDICES 'ES 
8.5.4 Relaxation rates measured in CR1:15,16 and CR1:16,17 
Relaxation rates measured at 1.0 mM concentration and at 3V. 
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Figure .2: Heteronuclear NOE values measured in CR1:15,16 and 
CR1:16,17. Rates iiieaiiied in ('111 :15.16 are shown lit red (x) and in ('RI: 16.17 
in blue ( .) 




..XR9 ' 5 N-'H NOE .' 5 N- 1 H NOE 
899 (flu 599.927 1.027 0.010 412 0.04 -0.489 0.012 
800.130 1.384 0.047 4.94 0.12 - - 
900 Ala 599.927 1.229 0.018 5.18 0.08 -0.057 0.025 
800.1:10 1.460 0.060 7.37 0.27 - - 
901 His 599.927 1.374 0.027 9.14 0.1 0.602 0.007 
800.130 1.257 0.041 13.49 0.42 - - 
902 Cys 599.927 1.354 0.049 10.38 0.42 0.710 0.013 
800.130 1.198 0.082 15.56 1.14 - - 
903 (fin 599.927 1.382 0.030 9.35 0.21 0.724 0.001 
800.130 1.211 0.034 13.47 0.36 - - 
904 Ala 599.927 1.241 0.021 8.59 0.13 0.550 0.024 
800.130 1.101 0.026 13.51 031 - - 
906 Asp 599.927 1.297 0.027 8.93 0.15 0.536 0.015 
800.130 1.277 0033 13.19 0.32 - - 
907 His 599.927 1.352 0.033 8.92 0.21 0.47 0.006 




908 Phe 599.927 1.262 0.025 7.48 0.16 0.458 0.014 
800.130 1.614 0.498 7.41 1.99 - - 
909 Leu 599.927 1.391 0.145 10.84 1.13 0.653 0.085 
800.130 1.300 0.058 13.99 0.60 - - 
910 Phe 599.927 1.315 0.068 13.29 0.78 0.846 0.020 
800.130 1.303 0.241 27.28 3.85 - - 
911 Ala 599.927 1.513 0.036 12.10 0.29 0.908 0.017 
800.130 1.404 0.054 18.95 0.73 - - 
912 Lys 599.927 1.381 0.039 10.56 0.33 0.734 0.019 
800.130 1.252 0.044 14.97 0.53 - - 
913 Leu 599.927 1.375 0.045 10.33 0.35 0.696 0.035 
800.130 1.312 0.060 16.94 0.89 - - 
914 Lys 599.927 1.534 0.062 9.21 0.45 0.705 0.006 
800.130 1.350 0.072 14.40 0.76 - - 
915 Thr 599.927 1.347 0.028 9.05 0.17 0.649 0.002 
800.130 1.324 0.032 12.46 0.28 - - 
916 Gln 599.927 1.531 0.038 8.03 0.22 0.574 0.002 
800.130 1.804 0.110 11.93 0.59 - - 
918 Thr 599.927 1.187 0.026 9.45 0.81 0.434 0.035 
800.130 1.658 0.216 13.19 1.36 - - 
919 Ala 599.927 1.416 0.021 7.37 0.11 0.581 0.000 
800.130 1.624 0.063 12.44 0.25 - - 
920 Ser 599.927 1.077 0.037 11.80 0.36 0.516 0.027 
800.130 1.291 0.046 15.77 0.60 - - 
921 Asp 599.927 1.372 0.019 8.29 0.12 0.633 0.030 
800.130 1.415 0.026 13.26 0.23 - - 
922 Phe 599.927 1.478 0.041 8.77 0.27 0.664 0.025 
800.130 1.303 0.049 13.15 0.47 - - 
925 Gly 599.927 1.360 0.053 11.30 0.49 0.723 0.021 
800.130 1.162 0.056 16.55 0.88 - - 
926 Thr 599.927 1.417 0.032 12.34 0.22 0.812 0.004 
800.130 1.361 0.047 17.18 0.66 - - 
927 Ser 599.927 1.281 0.034 11.21 0.30 0.728 0.030 
800.130 1.232 0.046 16.11 0.67 - - 
928 Leu 599.927 1.405 0.049 10.59 0.47 0.727 0.057 
800.130 1.267 0.063 14.01 0.68 - - 
929 Lys 599.927 1.331 0.042 10.67 0.32 0.691 0.018 
800.130 1.185 0.042 13.44 0.48 - - 
930 Tyr 599.927 1.459 0.061 11.30 0.53 0.684 0.087 
800.130 1.283 0.062 14.62 0.70 - - 
931 Glu 599.927 1.412 0.051 11.54 0.38 0.707 0.038 
800.130 1.163 0.048 16.43 0.72 - - 
932 Cys 599.927 1.410 0.044 10.49 0.33 0.730 0.012 
800.130 1.250 0.054 15.70 0.70 - - 
933 Arg 599.927 1.504 0.062 10.67 0.44 0.813 0.013 




935 Glu 599.927 1.218 0.037 11.88 0.36 0.845 0.011 
800.130 1.071 0.048 18.64 0.99 - - 
936 Tyr 599.927 1.345 0.037 11.89 0.34 0.794 0.026 
800.130 1.222 0.044 19.66 0.87 - - 
937 Tyr 599.927 1.526 0.047 10.90 0.38 0.787 0.020 
800.130 1.322 0.054 16.50 0.75 - - 
938 Gly 599.927 1.424 0.034 9.37 0.22 0.719 0.018 
800.130 1.466 0.057 16.72 0.69 - - 
939 Arg 599.927 1.193 0.024 8.78 0.15 0.548 0.000 
800.130 1.374 0.129 11.54 0.98 - - 
941 Phe 599.927 1.475 0.042 12.11 0.32 0.839 0.055 
800.130 1.268 0.037 17.48 0.58 - - 
942 Ser 599.927 1.367 0.041 10.32 0.31 0.743 0.017 
800.130 1.265 0.043 14.99 0.52 - - 
943 lie 599.927 1.458 0.048 10.97 0.38 0.806 0.050 
800.130 1.338 0.053 15.05 0.62 - - 
944 Thr 599.927 1.314 0.056 11.26 0.46 0.755 0.070 
800.130 1.243 0.062 16.26 0.83 - - 
945 Cys 599.927 1.454 0.053 10.78 0.38 0.811 0.039 
800.130 1.319 0.072 15.96 0.92 - - 
946 Leu 599.927 1.263 0.061 13.36 0.82 0.728 0.003 
800.130 1.109 0.063 17.69 1.18 - - 
947 Asp 599.927 1.334 0.032 11.07 0.23 0.672 0.002 
800.130 1.098 0.033 15.27 0.47 - - 
948 Asn 599.927 1.183 0.036 14.01 0.40 0.780 0.003 
800.130 1.047 0.046 19.46 1.04 - - 
949 Leu 599.927 1.496 0.048 14.54 0.48 0.725 0.037 
800.130 1.258 0.055 22.38 1.36 - - 
950 Val 599.927 1.296 0.041 15.06 0.54 0.726 0.013 
800.130 1.089 0.055 26.54 2.12 - - 
951 Trp 599.927 1.316 0.035 11.30 0.29 0.654 0.032 
800.130 1.142 0.043 17.94 0.82 - - 
952 Ser 599.927 1.354 0.040 11.20 0.33 0.753 0.019 
800.130 1.213 0.041 16.90 0.61 - - 
953 Ser 599.927 1.312 0.030 9.75 0.21 0.651 0.017 
800.130 1.332 0.039 14.10 0.42 - - 
955 Lys 599.927 1.267 0.028 7.82 0.15 0.254 0.020 
800.130 1.481 0.051 9.28 0.20 - - 
956 Asp 599.927 1.412 0.036 7.40 0.19 0.398 0.016 
800.130 1.568 0.072 10.63 0.41 - - 
957 Val 599.927 1.254 0.021 7.55 0.12 0.467 0.022 
800.130 1.224 0.027 11.27 0.24 - - 
958 Cys 599.927 1.408 0.028 7.85 0.17 0.561 0.014 
800.130 1.299 0.044 13.95 0.46 - - 
960 Arg 599.927 1.482 0.047 10.81 0.38 0.712 0.014 




961 Lys 599.927 1.390 0.060 11.31 0.50 0.759 0.006 
800.130 1.258 0.083 17.75 1.28 - - 
962 Ser 599.927 1.374 0.049 10.58 0.33 0.725 0.015 
800.130 1.313 0.059 17.35 0.87 - - 
963 Cys 599.927 1.393 0.052 10.59 0.39 0.679 0.024 
800.130 1.287 0.066 17.39 1.01 - - 
964 Lys 599.927 1.401 0.037 10.68 0.26 0.749 0.003 
800.130 1.413 0.060 17.38 0.83 - - 
965 Thr 599.927 1.331 0.044 10.96 0.28 0.568 0.018 
800.130 1.505 0.063 11.12 0.42 - - 
970 Val 599.927 1.400 0.036 10.12 0.25 0.696 0.020 
800.130 1.286 0.039 15.06 0.47 - - 
971 Asn 599.927 1.486 0.044 10.37 0.32 0.736 0.002 
800.130 1.400 0.053 14.09 0.51 - - 
972 Giy 599.927 1.448 0.051 12.36 0.44 0.776 0.022 
800.130 1.341 0.079 16.71 1.14 - - 
974 Val 599.927 1.362 0.090 10.47 0.74 0.758 0.026 
800.130 1.310 0.121 15.07 1.48 - - 
975 His 599.927 1.455 0.081 8.84 0.62 0.695 0.002 
800.130 1.357 0.111 15.72 1.39 - - 
976 Val 599.927 1.324 0.054 10.23 0.45 0.671 0.003 
800.130 1.396 0.047 9.84 0.21 - - 
977 lie 599.927 1.396 0.051 9.56 0.37 0.665 0.017 
800.130 1.311 0.067 14.14 0.66 - - 
978 Thr 599.927 1.358 0.054 10.54 0.51 0.687 0.018 
800.130 1.343 0.085 19.21 1.41 - - 
979 Asp 599.927 1.397 0.028 9.38 0.19 0.681 0.051 
800.130 1.491 0.051 14.01 0.46 - - 
980 lie 599.927 1.307 0.064 13.24 0.66 0.757 0.039 
800.130 1.176 0.093 24.82 2.93 - - 
981 Gin 599.927 1.499 0.040 11.57 0.29 0.749 0.017 
800.130 1.473 0.046 14.45 0.44 - - 
982 Val 599.927 1.309 0.037 13.30 0.33 0.726 0.036 
800.130 1.163 0.046 19.42 0.92 - - 
983 Gly 599.927 1.301 0.063 14.17 0.76 0.774 0.072 
800.130 1.198 0.073 21.02 1.63 - - 
984 Ser 599.927 1.460 0.030 12.26 0.24 0.764 0.002 
800.130 1.405 0.044 17.57 0.58 - - 
985 Arg 599.927 1.358 0.040 11.24 0.34 0.706 0.001 
800.130 1.331 0.048 16.39 0.65 - - 
986 lie 599.927 1.526 0.069 11.15 0.53 0.752 0.058 
800.130 1.305 0.084 18.13 1.31 - - 
987 Thr 599.927 1.495 0.066 11.81 0.52 0.779 0.011 
800.130 1.320 0.056 17.84 0.82 - - 
988 Tyr 599.927 1.433 0.083 12.79 0.77 0.710 0.015 




989 Ser 599.927 1.448 0.069 10.20 0.66 0.773 0.067 
800.130 1.353 0.102 14.86 1.12 - - 
991 Thr 599.927 1.469 0.046 10.62 0.31 0.666 0.011 
800.130 1.430 0.051 14.67 0.54 - - 
992 Thr 599.927 1.367 0.040 10.81 0.29 0.658 0.037 
800.130 1.632 0.069 15.47 0.46 - - 
994 His 599.927 1.329 0.038 11.79 0.30 0.692 0.013 
800.130 1.452 0.045 17.00 0.59 - - 
995 Arg 599.927 1.347 0.046 10.48 0.39 0.731 0.041 
800.130 1.242 0.048 14.44 0.56 - - 
996 Leu 599.927 1.374 0.057 9.26 0.41 0.735 0.054 
800.130 1.293 0.054 15.06 0.65 - - 
997 lie 599.927 1.559 0.068 10.09 0.50 0.749 0.022 
800.130 1.369 0.068 13.95 0.65 - - 
998 Gly 599.927 1.378 0.038 11.97 0.33 0.708 0.019 
800.130 1.354 0.047 16.12 0.59 - - 
999 His 599.927 1.351 0.054 10.03 0.41 0.720 0.031 
800.130 1.421 0.055 14.83 0.58 - - 
1000 Ser 599.927 1.466 0.085 10.96 0.70 0.690 0.046 
800.130 1.692 0.271 14.25 1.91 - - 
1001 Ser 599.927 1.443 0.027 11.34 0.19 0.736 0.032 
800.130 1.550 0.039 15.68 0.37 - - 
1002 Ala 599.927 1.473 0.042 10.31 0.28 0.753 0.051 
800.130 1.354 0.044 14.87 0.50 - - 
1003 Glu 599.927 1.400 0.056 11.03 0.48 0.712 0.026 
800.130 1.307 0.056 16.08 0.73 - - 
1004 Cys 599.927 1.506 0.052 10.29 0.39 0.720 0.002 
800.130 1.341 0.060 16.77 0.84 - - 
1005 Ile 599.927 1.200 0.050 13.35 0.63 0.755 0.043 
800.130 1.082 0.069 21.86 1.81 - - 
1006 Leu 599.927 1.382 0.039 11.23 0.30 0.683 0.009 
800.130 1.187 0.047 17.61 0.80 - - 
1007 Ser 599.927 1.567 0.046 9.01 0.26 0.630 0.001 
800.130 1.613 0.056 13.86 0.46 - - 
1010 Thr 599.927 1.430 0.025 10.11 0.17 0.694 0.013 
800.130 1.681 0.050 16.22 0.50 - - 
1011 Ala 599.927 1.500 0.029 8.27 0.17 0.615 0.003 
800.130 1.588 0.053 14.73 0.46 - - 
1012 His 599.927 1.388 0.042 12.14 0.40 0.719 0.035 
800.130 1.198 0.054 18.74 0.98 - - 
1013 Trp 599.927 1.375 0.043 10.76 0.29 0.703 0.001 
800.130 1.313 0.058 15.90 0.75 - - 
1014 Ser 599.927 1.446 0.056 11.50 0.50 0.809 0.007 
800.130 1.377 0.064 15.81 0.76 - - 
1015 Thr 599.927 1.354 0.030 11.02 0.22 0.774 0.002 




1016 Lys 599.927 1.360 0.038 9.93 0.27 0.639 0.018 
800.130 1.634 0.085 13.75 0.67 - - 
1019 lie 599.927 1.490 0.057 9.17 0.38 0.747 0.022 
800.130 1.255 0.059 16.14 0.82 - - 
1020 Cys 599.927 1.445 0.050 9.72 0.40 0.680 0.027 
800.130 1.278 0.064 14.17 0.70 - - 
1021 Gin 599.927 1.355 0.054 9.95 0.44 0.670 0.025 
800.130 1.234 0.063 14.12 0.70 - - 
1022 Arg 599.927 1.452 0.075 10.74 0.61 0.663 0.051 
800.130 1.621 0.122 15.95 1.12 - - 
1023 lie 599.927 1.418 0.037 8.66 0.23 0.572 0.023 
800.130 1.346 0.047 13.56 0.45 - - 
utti:io,i I 
Residue 	1 Hv [Hz] R1 [s 1 ] AR1 R2 [s'] AR2 15N- 1 H NOE & 5 N- 1 H NOE 
959 Glu 599.927 1.016 0.019 3.47 0.05 -0.709 0.010 
800.130 0.369 0.009 3.56 0.08 - - 
960 Ala 599.927 1.205 0.041 4.20 0.12 -0.397 0.009 
800.130 0.533 0.011 5.16 0.11 - - 
961 Lys 599.927 1.289 0.039 6.09 0.14 0.053 0.011 
800.130 0.695 0.018 6.76 0.17 - - 
962 Ser 599.927 1.445 0.047 10.38 0.27 0.457 0.016 
800.130 1.268 0.035 12.42 0.35 - - 
963 Cys 599.927 1.476 0.081 10.50 0.28 0.684 0.028 
800.130 1.429 0.071 13.47 0.62 - - 
964 Lys 599.927 1.493 0.053 12.93 0.18 0.671 0.019 
800.130 1.629 0.077 15.96 0.75 - - 
968 Asp 599.927 1.317 0.057 11.07 0.22 0.604 0.026 
800.130 1.375 0.066 13.48 0.65 - - 
970 Val 599.927 1.374 0.063 12.01 0.24 0.665 0.023 
800.130 1.562 0.074 15.31 0.72 - - 
971 Asn 599.927 1.466 0.067 11.50 0.55 0.762 0.026 
800.130 1.447 0.082 14.28 0.73 - - 
972 Giy 599.927 1.420 0.078 12.09 0.74 0.771 0.033 
800.130 1.675 0.089 16.42 0.87 - - 
973 Met 599.927 1.413 0.239 12.84 1.23 0.821 0.076 
800.130 1.533 0.164 15.03 1.61 - - 
974 Val 599.927 1.645 0.130 11.82 0.61 0.730 0.041 
800.130 1.527 0.137 15.00 1.35 - - 
975 His 599.927 1.537 0.164 10.49 1.58 0.775 0.042 
800.130 1.719 0.275 16.73 2.66 - - 
976 Val 599.927 1.282 0.087 11.78 0.99 0.738 0.035 
800.130 1.548 0.138 15.18 1.35 - - 
977 lie 599.927 1.510 0.102 9.65 0.25 0.658 0.027 




978 Thr 599.927 1.365 0.143 14.48 0.76 0.745 0.038 
800.130 1.938 0.182 18.97 1.76 - - 
979 Asp 599.927 1.465 0.082 9.91 0.28 0.644 0.016 
800.130 1.197 0.045 11.72 0.44 - - 
980 lie 599.927 1.359 0.092 18.30 1.17 0.716 0.045 
800.130 3.228 0.631 29.38 4.83 - - 
981 Gin 599.927 1.486 0.062 12.12 0.23 0.757 0.028 
800.130 1.636 0.081 16.06 0.79 - - 
982 Val 599.927 1.154 0.047 13.82 0.43 0.725 0.025 
800.130 1.737 0.084 17.03 0.82 - - 
983 Gly 599.927 1.401 0.088 14.02 0.72 0.729 0.035 
800.130 1.970 0.194 19.34 1.75 - - 
984 Ser 599.927 1.401 0.061 13.31 0.23 0.726 0.020 
800.130 1.746 0.067 17.08 0.65 - - 
985 Arg 599.927 1.452 0.065 11.63 0.87 0.693 0.024 
800.130 1.566 0.072 15.34 0.71 - - 
986 lie 599.927 1.479 0.078 12.09 1.14 0.711 0.029 
800.130 1.593 0.117 15.64 1.15 - - 
987 Thr 599.927 1.496 0.112 13.21 0.62 0.699 0.036 
800.130 1.737 0.144 16.97 1.39 - - 
988 Tyr 599.927 1.407 0.103 11.91 1.20 0.686 0.036 
800.130 1.516 0.164 14.89 1.61 - - 
989 Ser 599.927 1.356 0.079 12.22 0.53 0.734 0.027 
800.130 1.558 0.125 15.22 1.12 - - 
991 Thr 599.927 1.439 0.077 12.57 0.56 0.699 0.030 
800.130 1.684 0.110 16.56 1.08 - - 
992 Thr 599.927 1.416 0.109 13.57 0.27 0.751 0.029 
800.130 1.688 0.098 16.50 0.95 - - 
993 Giy 599.927 1.457 0.186 12.79 1.55 0.727 0.050 
800.130 1.992 0.318 19.61 3.08 - - 
994 His 599.927 1.475 0.067 14.42 0.26 0.770 0.027 
800.130 1.820 0.096 17.82 0.93 - - 
995 Arg 599.927 1.426 0.086 12.57 0.60 0.752 0.030 
800.130 1.544 0.105 15.14 1.03 - - 
996 Leu 599.927 1.472 0.078 11.59 0.34 0.784 0.035 
800.130 1.784 0.148 17.45 1.44 - - 
997 lie 599.927 1.537 0.081 11.25 0.34 0.783 0.031 
800.130 1.474 0.093 14.49 0.91 - - 
998 Giy 599.927 1.355 0.075 13.23 0.51 0.778 0.030 
800.130 1.791 0.112 17.64 1.09 - - 
999 His 599.927 1.370 0.068 12.24 0.62 0.711 0.029 
800.130 1.501 0.087 14.71 0.85 - - 
1000 Ser 599.927 1.532 0.163 10.93 0.69 0.714 0.040 
800.130 1.409 0.146 13.78 1.44 - - 
1001 Ser 599.927 1.460 0.045 12.48 0.45 0.732 0.016 




1002 Ala 599.927 1.409 0.050 11.74 0.49 0.706 0.018 
800.130 1.476 0.035 14.44 0.34 - - 
1003 Glu 599.927 1.462 0.127 11.85 0.26 0.739 0.029 
800.130 1.543 0.100 15.12 0.98 - - 
1004 Cys 599.927 1.522 0.068 12.18 0.27 0.714 0.027 
800.130 1.639 0.108 16.03 1.05 - - 
1005 Ile 599.927 1.366 0.064 13.39 0.30 0.823 0.032 
800.130 1.809 0.158 17.65 1.53 - - 
1006 Leu 599.927 1.410 0.052 12.16 0.21 0.643 0.023 
800.130 1.624 0.072 15.93 0.71 - - 
1007 Ser 599.927 1.607 0.061 9.54 0.36 0.520 0.018 
800.130 1.235 0.049 12.07 0.49 - - 
1010 Thr 599.927 1.453 0.050 10.73 0.36 0.615 0.015 
800.130 1.381 0.034 13.53 0.33 - - 
1011 Ala 599.927 1.501 0.047 10.11 0.43 0.679 0.019 
800.130 1.197 0.047 11.68 0.46 - - 
1012 His 599.927 1.428 0.061 12.00 0.56 0.685 0.025 
800.130 1.508 0.083 14.79 0.82 - - 
1013 Trp 599.927 1.425 0.059 12.19 0.37 0.677 0.019 
800.130 1.435 0.068 14.03 0.67 - - 
1014 Ser 599.927 1.478 0.077 11.60 0.46 0.754 0.031 
800.130 1.449 0.080 14.21 0.78 - - 
1015 Thr 599.927 1.372 0.034 11.81 0.15 0.716 0.016 
800.130 1.490 0.041 14.60 0.40 - - 
1016 Lys 599.927 1.374 0.106 10.79 0.40 0.590 0.036 
800.130 1.400 0.101 13.66 0.93 - - 
1019 Ile 599.927 1.457 0.076 12.61 0.54 0.728 0.032 
800.130 1.564 0.090 15.35 0.89 - - 
1020 Cys 599.927 1.385 0.130 10.86 0.74 0.734 0.031 
800.130 1.357 0.092 13.32 0.91 - - 
1021 Gin 599.927 1.428 0.071 11.48 0.43 0.703 0.030 
800.130 1.521 0.110 14.88 1.08 - - 
1022 Arg 599.927 1.417 0.203 11.73 0.90 0.713 0.042 
800.130 1.617 0.302 15.94 2.97 - - 
1023 lie 599.927 1.446 0.107 12.60 0.46 0.759 0.039 
800.130 1.506 0.168 14.63 1.64 - - 
1025 Cys 599.927 1.514 0.106 13.18 0.94 0.803 0.043 
800.130 1.657 0.129 16.27 1.27 - - 
1026 Gly 599.927 1.570 0.190 10.00 0.26 0.676 0.029 
800.130 1.334 0.110 13.06 1.08 - - 
1027 Leu 599.927 1.376 0.063 12.37 0.93 0.721 0.030 
800.130 1.629 0.090 15.96 0.88 - - 
1030 Thr 599.927 1.370 0.065 12.31 0.65 0.784 0.026 
800.130 1.515 0.075 14.82 0.74 - - 
1031 lie 599.927 1.420 0.061 11.80 0.47 0.742 0.026 




1032 Ala 599.927 1.465 0.069 11.83 0.95 0.700 0.029 
800.130 1.686 0.118 16.52 1.15 - - 
1033 Asn 599.927 1.470 0.080 12.02 0.48 0.749 0.029 
800.130 1.419 0.087 13.88 0.86 - - 
1034 Gly 599.927 1.386 0.053 12.77 0.42 0.745 0.019 
800.130 1.621 0.069 15.84 0.68 - - 
1035 Asp 599.927 1.505 0.071 12.25 0.67 0.732 0.030 
800.130 1.601 0.089 15.71 0.87 - - 
1036 Phe 599.927 1.399 0.073 12.24 0.40 0.792 0.030 
800.130 1.559 0.083 15.27 0.81 - - 
1037 Ile 599.927 1.511 0.090 11.16 0.84 0.700 0.028 
800.130 1.401 0.089 13.72 0.88 - - 
1038 Ser 599.927 1.462 0.089 11.06 0.52 0.656 0.028 
800.130 1.466 0.077 14.39 0.76 - - 
1040 Asn 599.927 1.415 0.137 10.61 1.12 0.619 0.033 
800.130 1.296 0.079 12.67 0.78 - - 
1042 Glu 599.927 1.421 0.094 12.07 0.60 0.533 0.029 
800.130 1.451 0.080 14.22 0.78 - - 
1043 Asn 599.927 1.353 0.079 10.81 1.09 0.566 0.021 
800.130 1.227 0.061 12.01 0.60 - - 
1044 Phe 599.927 1.441 0.059 7.53 0.41 0.589 0.022 
800.130 1.160 0.049 11.34 0.48 - - 
1046 Tyr 599.927 1.314 0.088 13.69 0.40 0.703 0.036 
800.130 1.848 0.198 18.14 1.92 - - 
1047 Gly 599.927 1.450 0.112 14.51 0.53 0.758 0.038 
800.130 1.977 0.216 19.30 2.07 - - 
1048 Ser 599.927 1.275 0.068 14.54 1.13 0.842 0.029 
800.130 1.995 0.148 19.46 1.41 - - 
1050 Val 599.927 1.516 0.103 11.93 0.39 0.804 0.037 
800.130 1.712 0.146 16.77 1.42 - - 
1051 Thr 599.927 1.470 0.077 10.74 0.43 0.724 0.038 
800.130 1.481 0.088 14.54 0.86 - - 
1052 Tyr 599.927 1.484 0.163 12.89 0.77 0.776 0.037 
800.130 1.585 0.151 15.50 1.47 - - 
1053 Arg 599.927 1.368 0.074 12.27 1.27 0.798 0.033 
800.130 1.599 0.095 15.70 0.93 - - 
1054 Cys 599.927 1.429 0.069 12.30 1.02 0.686 0.031 
800.130 1.562 0.099 15.34 0.98 - - 
1055 Asn 599.927 1.542 0.073 10.95 1.00 0.830 0.032 
800.130 1.483 0.105 14.53 1.03 - - 
1056 Leu 599.927 1.292 0.042 11.16 0.59 0.672 0.016 
800.130 1.382 0.040 13.50 0.39 - - 
1057 Gly 599.927 1.340 0.064 10.04 0.67 0.551 0.020 
800.130 1.254 0.050 12.28 0.49 - - 
1060 Gly 599.927 1.424 0.181 12.06 1.42 0.611 0.042 




1061 Arg 599.927 1.349 0.114 9.71 0.82 0.432 0.021 
800.130 1.258 0.069 12.34 0.68 - - 
1062 Lys 599.927 1.414 0.061 10.52 0.65 0.533 0.022 
800.130 1.419 0.059 13.87 0.58 - - 
1063 Val 599.927 1.103 0.063 11.64 0.46 0.492 0.029 
800.130 1.634 0.117 15.95 1.14 - - 
1064 Phe 599.927 1.377 0.051 11.89 0.19 0.676 0.020 
800.130 1.564 0.061 15.34 0.60 - - 
1065 Glu 599.927 1.376 0.058 10.62 0.65 0.774 0.026 
800.130 1.299 0.053 12.73 0.52 - - 
1066 Leu 599.927 1.314 0.057 11.23 0.58 0.591 0.024 
800.130 1.654 0.086 16.19 0.84 - - 
1067 Val 599.927 1.542 0.165 12.03 1.03 0.776 0.032 
800.130 1.313 0.082 12.87 0.81 - - 
1068 Gly 599.927 1.317 0.061 13.02 0.30 0.695 0.031 
800.130 1.618 0.091 15.82 0.89 - - 
1069 Glu 599.927 1.074 0.039 10.82 0.41 0.627 0.018 
800.130 1.374 0.050 13.44 0.49 - - 
1071 Ser 599.927 1.398 0.056 11.98 0.21 0.690 0.022 
800.130 1.484 0.052 14.54 0.51 - - 
1072 lie 599.927 1.443 0.088 12.89 0.95 0.754 0.031 
800.130 1.646 0.118 16.11 1.15 - - 
1073 Tyr 599.927 1.643 0.104 13.58 0.73 0.702 0.028 
800.130 1.691 0.130 16.57 1.26 - - 
1074 Cys 599.927 1.501 0.105 11.38 0.40 0.722 0.044 
800.130 1.643 0.148 16.11 1.45 - - 
1075 Thr 599.927 1.393 0.107 16.50 0.56 0.752 0.052 
800.130 2.295 0.365 21.71 3.09 - - 
1076 Ser 599.927 1.529 0.076 12.66 0.36 0.722 0.023 
800.130 1.622 0.077 15.90 0.76 - - 
1080 Gin 599.927 1.351 0.130 22.42 2.88 0.794 0.065 
1082 Giy 599.927 1.522 0.113 21.83 0.84 0.777 0.055 
1084 Trp 599.927 1.369 0.087 12.08 0.61 0.696 0.035 
800.130 1.601 0.111 15.75 1.09 - - 
1085 Ser 599.927 1.527 0.082 12.04 0.88 0.699 0.025 
800.130 1.457 0.110 14.25 1.08 - - 
1086 Gly 599.927 1.448 0.047 11.83 0.50 0.824 0.018 
800.130 1.589 0.055 15.59 0.54 - - 
1088 Ala 599.927 1.495 0.061 10.95 0.70 0.750 0.024 
800.130 1.389 0.063 13.62 0.62 - - 
1090 Gin 599.927 1.457 0.140 11.87 0.31 0.705 0.028 
800.130 1.486 0.069 14.58 0.68 - - 
1091 Cys 599.927 1.397 0.067 11.38 0.39 0.694 0.027 
800.130 1.332 0.071 13.08 0.70 - - 
1092 lie 599.927 1.399 0.066 11.67 1.27 0.701 0.026 
800.130 1.551 0.086 15.19 0.84 - - 
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Relaxation rates measured at 0.33 mM concentration and at 37° C 	= 
599.927 Hz). 
Residue R1 [s 1 ] AR1 	R2 [s'] iR2 
899 Glu 0.98 0.16 6.77 0.54 
900 Ala 1.26 0.18 6.14 0.97 
902 Cys 1.46 0.16 11.50 0.90 
903 Gin 1.35 0.07 11.39 0.34 
904 Ala 1.21 0.07 9.66 0.36 
906 Asp 1.18 0.07 9.71 0.51 
907 His 1.45 0.11 13.26 0.70 
908 Phe 1.22 0.11 7.44 1.00 
911 Ala 1.50 0.11 13.59 1.30 
912 Lys 1.48 0.11 10.63 0.50 
913 Leu 1.48 0.13 10.45 1.42 
914 Lys 1.62 0.13 11.37 0.87 
915 Thr 1.34 0.08 9.56 0.39 
916 Gin 1.34 0.31 9.63 1.84 
919 Ala 1.41 0.08 9.13 0.37 
920 Ser 0.89 0.13 12.55 0.90 
921 Asp 1.42 0.06 9.41 0.33 
922 Phe 1.39 0.13 10.82 0.63 
925 Gly 1.30 0.11 11.38 0.63 
926 Thr 1.50 0.09 12.87 0.54 
927 Ser 1.34 0.08 11.33 0.35 
928 Leu 1.39 0.11 9.35 0.56 
929 Lys 1.24 0.10 10.15 0.60 
930 Tyr 1.37 0.14 11.70 0.59 
931 Glu 1.41 0.13 12.48 1.08 
932 Cys 1.41 0.11 12.42 0.62 
933 Arg 1.56 0.18 10.82 0.74 
935 Glu 1.20 0.10 11.75 0.62 
936 Tyr 1.32 0.11 13.69 1.56 
937 Tyr 1.48 0.12 11.62 0.62 
938 Gly 1.38 0.16 11.76 1.78 
939 Arg 1.16 0.08 9.60 0.63 
941 Phe 1.53 0.11 11.82 0.63 
942 Ser 1.45 0.11 9.39 0.48 




944 Thr 1.36 0.13 12.31 0.81 
945 Cys 1.36 0.19 12.23 1.27 
946 Leu 1.29 0.12 12.90 1.40 
947 Asp 1.36 0.09 11.40 0.52 
948 Asn 1.26 0.10 13.24 1.29 
949 Leu 1.63 0.13 14.20 1.19 
950 Val 1.27 0.12 12.98 0.73 
951 Trp 1.32 0.11 10.57 0.45 
952 Ser 1.37 0.08 13.23 1.32 
953 Ser 1.35 0.10 9.62 0.48 
955 Lys 1.16 0.11 7.31 0.48 
956 Asp 1.32 0.20 9.52 1.28 
957 Val 1.24 0.06 7.95 0.28 
958 Cys 1.46 0.10 10.04 0.59 
959 Lys 1.21 0.08 12.56 0.84 
960 Arg 1.44 0.17 10.66 1.33 
961 Lys 1.50 0.16 11.38 0.85 
962 Ser 1.51 0.15 10.84 0.78 
963 Cys 1.41 0.14 10.42 0.76 
964 Lys 1.37 0.11 10.83 0.69 
970 Val 1.50 0.09 10.32 0.43 
971 Asn 1.64 0.09 10.14 0.95 
972 Gly 1.40 0.20 12.25 1.13 
974 Val 1.39 0.28 12.36 1.45 
976 Val 0.96 0.12 8.86 1.44 
977 lie 1.28 0.13 10.81 1.01 
978 Thr 1.16 0.14 11.01 0.86 
979 Asp 1.40 0.08 9.43 0.49 
980 lie 1.30 0.15 15.72 2.87 
982 Val 1.27 0.10 13.05 0.92 
984 Ser 1.45 0.09 12.21 0.50 
985 Arg 1.33 0.10 11.14 0.79 
986 lie 1.37 0.15 13.13 1.55 
987 Thr 1.49 0.14 11.56 0.86 
989 Ser 1.54 0.14 10.27 1.48 
990 Cys 1.57 0.14 9.40 1.15 
991 Thr 1.47 0.09 11.20 0.51 
992 Thr 1.32 0.11 11.09 0.52 
994 His 1.39 0.06 10.57 0.28 




996 Leu 1.47 0.16 8.79 0.77 
997 lie 1.68 0.13 9.39 1.28 
1001 Ser 1.50 0.07 11.12 0.46 
1002 Ala 1.45 0.09 11.61 0.49 
1003 Glu 1.41 0.11 10.80 0.66 
1004 Cys 1.51 0.13 12.16 1.39 
1005 lie 1.20 0.16 12.07 1.50 
1006 Leu 1.38 0.11 13.28 0.73 
1007 Ser 1.58 0.11 11.25 1.00 
1010 Thr 1.40 0.09 12.48 1.35 
1011 Ala 1.60 0.11 10.28 0.58 
1013 Trp 1.00 0.67 9.46 3.44 
1014 Ser 1.54 0.13 10.78 1.34 
1015 Thr 1.35 0.06 8.96 0.53 
1016 Lys 1.36 0.17 10.72 0.80 
1019 lie 1.35 0.12 11.28 0.58 
1020 Cys 1.45 0.12 11.20 0.83 
1021 Gin 1.44 0.11 8.10 0.44 
1022 Arg 1.50 0.22 10.86 1.09 
1023 lie 1.35 0.09 8.94 0.46 
Residue R1 [s'] 
CR1:16,17 
i.R1 	R2 [s 1 ] AR2  
959 Glu 1.03 0.08 3.55 1.33 
960 Ala 1.24 0.10 3.83 1.61 
961 Lys 1.26 0.15 5.85 0.98 
962 Ser 1.45 0.19 10.07 2.71 
963 Cys 1.52 0.25 9.99 1.30 
964 Lys 1.63 0.20 12.68 1.22 
968 Asp 1.34 0.10 9.93 2.32 
970 Val 1.46 0.10 10.78 1.06 
971 Asn 1.67 0.13 13.23 2.94 
972 Giy 1.41 0.13 13.79 0.86 
973 Met 1.66 0.23 15.30 1.78 
974 Val 1.69 0.17 8.24 1.87 
975 His 1.43 0.20 10.35 1.15 
976 Val 1.29 0.15 11.62 3.02 
977 lie 1.38 0.12 9.03 0.81 
978 Thr 1.35 0.16 15.15 1.22 




980 lie 1.39 0.16 17.74 1.38 
981 Gin 1.45 0.11 11.93 0.88 
982 Val 1.28 0.09 12.73 0.76 
983 Gly 1.44 0.15 14.00 1.03 
984 Ser 1.50 0.08 10.82 1.44 
985 Arg 1.56 0.12 10.45 0.71 
986 lie 1.69 0.15 11.17 0.90 
987 Thr 1.47 0.19 14.92 1.47 
988 Tyr 1.39 0.17 12.41 1.03 
989 Ser 1.44 0.14 10.10 0.90 
991 Thr 1.78 0.16 14.01 2.45 
992 Thr 1.40 0.13 11.72 1.02 
993 Giy 1.35 0.27 14.54 1.80 
994 His 1.65 0.12 13.48 1.17 
995 Arg 1.56 0.16 10.33 0.99 
996 Leu 1.47 0.14 10.90 1.14 
997 lie 1.61 0.15 10.52 2.08 
998 Gly 1.46 0.12 11.65 0.94 
999 His 1.43 0.11 10.57 0.78 
1000 Ser 1.56 0.29 12.65 3.47 
1001 Ser 1.48 0.07 12.69 0.53 
1002 Ala 1.44 0.09 11.23 0.44 
1003 Glu 1.63 0.14 9.99 1.43 
1004 Cys 1.63 0.12 11.11 0.78 
1005 lie 1.38 0.11 13.84 0.91 
1006 Leu 1.48 0.09 10.50 0.78 
1007 Ser 1.56 0.10 10.14 1.64 
1010 Thr 1.57 0.08 11.36 0.50 
1011 Ala 1.57 0.09 10.90 0.98 
1012 His 1.52 0.11 10.64 1.62 
1013 Trp 1.53 0.09 10.92 0.59 
1014 Ser 1.62 0.14 9.81 1.00 
1015 Thr 1.44 0.07 10.29 0.52 
1016 Lys 1.45 0.17 13.36 2.10 
1019 lie 1.52 0.14 13.41 0.82 
1020 Cys 1.47 0.13 11.87 0.76 
1021 Gin 1.45 0.13 12.89 0.79 
1022 Arg 1.14 0.31 13.20 4.93 
1023 lie 1.58 0.22 10.28 1.49 
1025 Cys 1.42 0.18 12.04 1.29 
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1026 Gly 1.69 0.16 9.16 0.94 
1027 Leu 1.59 0.14 11.93 1.80 
1030 Thr 1.43 0.13 11.68 1.80 
1031 lie 1.51 0.12 11.20 0.72 
1032 Ala 1.49 0.14 10.34 1.02 
1033 Asn 1.46 0.15 13.70 2.40 
1034 Giy 1.44 0.10 13.02 0.85 
1035 Asp 1.60 0.15 10.47 1.10 
1036 Phe 1.51 0.15 11.70 1.18 
1037 lie 1.45 0.15 11.03 1.84 
1038 Ser 1.62 0.17 12.72 1.26 
1040 Asn 1.59 0.32 10.89 3.72 
1042 Giu 1.44 0.22 13.16 1.63 
1043 Asn 1.36 0.15 7.04 1.08 
1044 Phe 1.46 0.10 8.67 0.50 
1046 Tyr 1.27 0.14 13.50 1.38 
1047 Gly 1.75 0.23 12.54 3.24 
1048 Ser 1.31 0.12 13.79 1.08 
1050 Val 1.40 0.17 12.04 1.25 
1051 Thr 1.45 0.13 10.79 1.33 
1052 Tyr 1.49 0.21 10.64 1.30 
1053 Arg 1.50 0.14 12.46 0.98 
1054 Cys 1.64 0.15 11.93 1.02 
1055 Asn 1.64 0.14 10.79 4.03 
1056 Leu 1.31 0.07 12.41 0.42 
1057 Giy 1.52 0.13 11.72 1.18 
1060 Gly 1.64 0.25 14.02 2.18 
1061 Arg 1.30 0.19 11.29 1.43 
1062 Lys 1.45 0.13 11.78 0.90 
1063 Val 1.10 0.11 11.78 1.37 
1064 Phe 1.47 0.08 10.21 0.47 
1065 Glu 1.56 0.12 11.54 0.85 
1066 Leu 1.41 0.11 11.61 0.78 
1067 Val 1.64 0.15 11.41 1.16 
1068 Gly 1.26 0.12 13.53 0.98 
1069 Giu 1.16 0.07 11.67 0.70 
1071 Ser 1.43 0.10 10.26 0.72 
1072 lie 1.41 0.16 11.05 2.23 
1073 Tyr 1.51 0.17 14.55 1.02 




1075 Thr 1.29 0.18 13.76 1.98 
1076 Ser 1.53 0.11 11.85 1.57 
1080 Gin 1.34 0.23 22.67 8.14 
1082 Gly 1.69 0.23 23.75 4.11 
1084 Trp 1.38 0.16 13.11 1.00 
1085 Ser 1.50 0.15 12.69 1.66 
1086 Giy 1.49 0.10 13.77 0.74 
1088 Ala 1.48 0.11 12.35 1.75 
1090 Gin 1.65 0.14 9.88 0.92 
1091 Cys 1.50 0.12 9.92 1.20 




8.6 Amide Chemical Shifts in VCP:23 at 15° C and 25° 









' 5N [ppm] 
C 
1 H [ppm] 
37° 
' 5N [ppm] 
C 
'H [ppm] 
3 Glu HN 120.625 8.582 120.787 8.508 121.039 8.428 
4 Phe HN 121.001 8.338 121.021 8.227 121.142 8.104 
5 lie HN 122.565 7.918 122.465 7.817 122.472 7.701 
6 Lys HN 124.874 8.346 124.890 8.245 125.021 8.126 
7 Arg HN 122.631 8.380 122.740 8.274 122.952 8.155 
9 Cys HN 119.780 8.912 120.170 8.865 120.718 8.802 
11 Ser HN 117.657 8.773 117.866 8.677 118.168 8.561 
16 Asp HN 126.491 8.410 126.540 8.334 126.654 8.239 
17 Asn HN 114.317 9.025 114.680 8.940 115.103 8.830 
18 Gly HN 102.397 7.286 102.760 7.246 103.257 7.202 
19 Gin HN 117.280 8.804 117.671 8.772 118.147 8.729 
20 Leu HN 120.505 8.374 121.035 8.296 121.705 8.208 
21 Asp HN 123.525 8.423 123.915 8.402 124.489 8.378 
22 lie HN 126.476 8.849 126.650 8.747 126.925 8.624 
23 Giy HN 119.681 8.990 119.760 8.900 119.94 8.799 
24 Gly HN 107.192 7.569 107.576 7.538 108.089 7.499 
25 Val HN 105.579 8.339 105.993 8.272 106.582 8.192 
26 Asp HN 118.542 7.565 118.906 7.532 119.486 7.494 
27 Phe HN 119.762 8.561 120.207 8.494 120.763 8.412 
29 Ser HN 117.667 8.518 117.808 8.437 118.082 8.373 
30 Ser HN 113.068 8.552 113.326 8.467 113.734 8.366 
31 lie HN 117.676 8.696 117.991 8.655 118.516 8.605 
32 Thr HN 116.998 8.139 117.298 8.114 117.756 8.081 
33 Tyr HN 128.423 9.695 128.471 9.587 128.637 9.467 
34 Ser HN 112.223 8.705 112.608 8.641 113.124 8.564 
35 Cys HN 116.064 8.861 116.597 8.791 117.34 8.697 
36 Asn HN 122.019 8.844 122.304 8.789 122.719 8.721 
37 Ser HN 113.327 8.585 113.718 8.504 114.274 8.404 
38 G!y HN 113.525 9.056 113.784 8.968 114.182 8.867 
40 His HN 117.537 9.565 118.055 9.522 118.736 9.471 
41 Leu HN 126.827 8.557 127.227 8.474 127.739 8.371 
42 lie HN 128.656 9.312 129.082 9.273 129.635 9.225 
45 Ser HN 113.484 8.477 113.651 8.401 113.909 8.316 
46 Lys HN 119.305 7.559 119.615 7.505 120.079 7.443 




49 Cys HN 121.088 8.464 121.513 8.415 122.09 8.357 
50 Glu HN 131.217 9.267 131.424 9.217 131.768 9.154 
52 Gly HN 114.663 9.027 114.777 8.951 115.032 8.861 
54 Thr HN 109.524 8.037 109.826 7.983 110.255 7.919 
55 Gly HN 108.692 7.967 109.029 7.940 109.486 7.905 
57 Met HN 121.977 8.419 122.303 8.330 122.743 8.224 
58 Val HN 119.358 9.276 119.570 9.218 119.893 9.140 
59 Trp HE1 127.034 10.580 127.360 10.515 127.837 10.438 
59 Trp HN 121.972 7.909 122.250 7.842 122.634 7.758 
60 Asn HN 123.658 9.761 123.949 9.698 124.385 9.627 
62 Glu HN 117.489 8.487 117.857 8.408 118.427 8.315 
63 Ala HN 122.947 8.067 123.212 7.978 123.603 7.869 
65 lie HN 108.588 7.688 109.254 7.651 110.122 7.610 
66 Cys HN 120.077 9.062 120.613 8.986 121.322 8.891 
67 Giu HN 124.690 9.051 125.122 9.019 125.682 8.983 
68 Ser HN 122.013 9.175 122.239 9.089 122.548 8.984 
69 Val HN 123.157 7.916 123.491 7.877 123.954 7.830 
70 Lys HN 125.570 8.409 125.661 8.295 125.821 8.167 
71 Cys HN 116.785 8.946 117.046 8.896 117.44 8.833 
72 Gin HN 119.942 8.633 120.279 8.556 120.757 8.464 
73 Ser HN 114.322 8.116 114.620 8.057 115.062 7.985 
76 Ser HN 117.459 8.624 117.834 8.541 118.365 8.443 
77 lie HN 117.239 8.940 117.404 8.809 117.666 8.651 
79 Asn HN 115.298 9.113 115.717 9.031 116.28 8.928 
80 Gly HN 101.548 7.154 101.950 7.130 102.525 7.100 
81 Arg HN 116.716 8.983 117.062 8.925 117.529 8.862 
82 His HN 115.107 7.670 115.257 7.599 115.566 7.514 
83 Asn HN 118.746 7.843 119.083 7.844 119.516 7.837 
84 Giy HN 115.047 10.957 115.363 10.876 115.766 10.777 
86 Giu HN 119.323 7.731 119.695 7.701 120.259 7.664 
88 Phe HN 112.933 7.268 113.258 7.228 113.746 7.183 
89 Tyr HN 118.467 9.030 118.865 8.964 119.404 8.886 
90 Thr HN 112.421 8.394 112.655 8.319 113.037 8.231 
91 Asp HN 124.128 8.847 124.318 8.733 124.654 8.591 
92 Gly HN 114.825 9.213 115.093 9.168 115.476 9.117 
93 Ser HN 116.984 8.074 117.254 8.036 117.63 7.989 
94 Val HN 121.791 8.475 122.063 8.386 122.453 8.278 
95 Val HN 128.426 8.831 128.501 8.786 128.699 8.730 
96 Thr HN 121.061 8.576 121.065 8.520 121.098 8.454 
97 Tyr HN 127.472 9.307 127.284 9.200 127.102 9.070 
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98 Ser HN 111.555 8.992 111.954 8.930 112.498 8.854 
99 Cys HN 117.913 8.974 118.351 8.895 118.949 8.798 
100 Asn HN 121.933 8.787 122.215 8.731 122.611 8.665 
101 Ser HN 113.436 8.553 113.897 8.479 114.504 8.388 
102 Gly HN 113.830 8.998 114.138 8.910 114.547 8.807 
103 Tyr HN 118.244 8.225 118.597 8.185 119.078 8.135 
104 Ser HN 117.303 9.632 117.654 9.563 118.116 9.482 
105 Leu HN 127.109 8.478 127.539 8.393 128.06 8.292 
106 lie HN 130.838 9.505 131.097 9.444 131.427 9.370 
107 Gly HN 115.534 8.554 115.721 8.459 115.99 8.345 
109 Ser HN 116.057 8.572 116.182 8.481 116.395 8.373 
110 Giy HN 107.720 8.034 107.870 7.956 108.146 7.861 
111 Val HN 119.867 9.168 120.295 9.111 120.785 9.040 
112 Leu HN 125.243 8.488 125.650 8.442 126.159 8.386 
113 Cys HN 127.753 8.735 127.859 8.680 128.046 8.615 
114 Ser HN 124.465 8.958 124.824 8.899 125.309 8.832 
115 Gly HN 118.836 9.479 119.055 9.447 119.335 9.412 
116 Gly HN 104.762 8.348 104.929 8.212 105.186 8.044 
117 Gin HN 120.059 7.400 120.393 7.361 120.865 7.310 
118 Trp HE1 128.475 9.668 128.848 9.617 129.381 9.562 
118 Trp HN 122.651 8.648 123.014 8.564 123.522 8.462 
119 Ser HN 116.096 8.134 116.478 8.123 116.958 8.112 
120 Asp HN 115.878 8.127 116.236 8.039 116.739 7.938 
123 Thr HN 105.972 8.058 106.565 8.022 107.321 7.976 
124 Cys HN 120.652 9.159 121.293 9.072 122.119 8.969 
125 Gin HN 123.932 9.465 124.146 9.405 124.513 9.342 
126 lie HN 126.862 8.905 126.945 8.813 127.157 8.701 
127 Val HN 130.788 7.693 130.980 7.644 131.294 7.576 
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8.7 Curve fitting programmes utilising Marquard-Levenberg 
algorithms 
Common parts of all nonlinear fitting programmes 
Based on "Numerical Recipes in C" [127] 
this file: fit_nonlin.c **/ 
/tt Numerical Recipes files used in this project: 
** mrqmin.c - miniinalisation cycle rutine "mrqmin" 





***** other files: ***** 
** file describing loading of the data: void load_data() 
** file describing function to be fit: void function() 
#include <stdio . h> 
#include <stdlib . h> 
#include <math.h> 
#include "arutil .h" 
#define FIRST_SCAN_PARAM 	 3 
#define FINAL-CHI-THRESHOLD 0.000001 
#define MAX_LEVENBERG_ITER 	200 
#define MAX_CHI_NONCONV 40 
#define P1 	 3.141592653589 
void mrqmin( float x[], float y[], float sig[], mt ndata, float a[], 
mt ia[], mt ma, float **covar, float **alpha, float *chisq, 
void (*funcs)(float, float [3, float *, float [3, int), 
float *alamda); 
void load_data(char *name, float **x, float ***M, float ***Msig, 
mt ndata, mt **pmask, mt ma, mt sets); 
void function(float x, float a[], float *y, float dyda[], mt na); 




float 	*x, ty, tysig, *a, *b, **Msig, **M; 
mt i , n ,set , iter_count , chi_conv_count; 
float 	chisq, old_chisq, lambda; 
float **alpha, **cov; 
char 
/* read in dimentions ndata and ma and nuber of data sets *1 
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if( argc < (1+FIRST_SCAN_PARAM) ) { 
printf("You must provide input file and original guess: 
\n fit-gauss <file> <Number of time points> <guess for T> \n " ); 
/*** function tanh: 
**** 	printf ("You must provide input file and original guess: 
\n fit_tanh <file> <Number of time points> <guess for Etha> \n"); 
**** function expT: 
**** 	printf("You must provide input file and original guess: 
\n fit_gauss <file> <Number of time points> <guess for T> \n"); 
exit(-I);  
} else { 
name = argvCi]; 
sscanf( argv[2], "/.d", &ndata ); 
ma2; setsl; 
/*** function tanh: 
**** 	mal; setsl; 
/*** function expT: 
**** 	ma2; setsl; 
x = vector( 1, ndata ); 
a = vector (1, ma); 
b = vector (1, ma); 
mask = ivector( 1, ma ); 
M = matrix( 1,sets, 1,ndata ); 
Msig = matrix( 1,sets,1, ndata ); 
alpha = matrix( 1, ma, 1, ma 
coy 	= matrix( 1, ma, 1, ma ); 
y = vector( 1, ndata ); 
ysig = vector( 1, ndata ); 
1* load in data points and mask - gauss_in.c file 	*1 
load_data(name,&x,&M,&MSig,ndata,&maSk,ma,Sets); 
set = 1; 
/s Assign guess of parameters from rest of command line *1 
while( set <= sets ) { 
b[i] = M[set]C11; 
for(i2; i<ma; i++){ 
b Ci] =atof (argv [i+FIRST_SCAN_PARAM-2]); 
} 
/*** function tanh: 
**** 	b [1] =atof (argv [FIRST_SCAN_PARAM]); 
/*** function expT: 




for( i = 1; i<=ndata; i++ ) { 
y[i] = M[set]Ci]; 
ysig[i] = Msig Cset] [i]; 
} 
for( i1; i<-ma; i++) a[i]b[i]; 
lambda = -1.0; 
APPENDICES 	 249 
chisq = (float)(1.0); 
chi_conv...count = 0; 
iter_count = 0; 
mrqmin( x, y, ysig, ndata, a, mask, 
ma, coy, alpha, &chisq, function, &lambda ); 
for(;;) { 
/*try resizing the problem will demand also/or only resizing in mrq itself */ 
/* mrq stores the last value of chisq it worked with */ 
/* if (chisq < 0.00001) { 
1* printf ("will mult \n"); chisq *= le+12; } 	*1 
old_chisq = chisq; 
iter_count++; 
mrqmin( x, y, ysig, ndata, a, mask, 
ma, coy, alpha, &chisq, function, &lambda ); 
if (chisq > old_chisq) { 
chi_conv_countO; 
} else if (fabs(old_chisq-chisq) < FINAL-CHI-THRESHOLD) { 
chi_conv_count++; 
} 
if (chi_conv_count < 40) continue; 
lambda = 0; 
mrqmin( x, y, ysig, ndata, a, mask, 





free-vector( x, 1, ndata ); 
free-vector( a, 1, ma ); 
free-vector( b, 1, ma ); 
free_ivector( mask, 1, ma ); 
free-matrix( M, 1, ndata, 1, sets ); 
free-matrix( Msig, 1, ndata, 1, sets ); 
free-vector( y, 1, ndata ); 
free-vector( ysig, 1, ndata ); 
free-matrix( alpha, 1, ma, 1, ma 
free-matrix( coy, 1, ma, 1, ma ); 
} 
/** this file: inoutput.c **/ 





void load_data(char *name, float **px, float ***pM, float ***pMsig, 
mt ndata, mt **pmask, jut ma, mt sets) 
{ 
mt 	i,m,*mask; 
float *x, *a, **M, **Msig; 
float dummy,dummyl; 
FILE *fp; 
ma - number of parameters 	 *1 
ndata - number of data points 	 *1 
1* 	sets - number of data sets in a file 
allocate vectors and matrices 	 *1 
x = vector( 1, ndata ); 
mask = ivector( 1, ma ); 
M = matrix( 1,sets, 1,ndata ); 
Msig = matrix( 1,sets,1, ndata ); 
1* 	read in x,M, and sig on M 	 *1 
if ( (fp = fopen(name,"r")) == 0 ) { 
prmntf(" file hasn't been opened\n"); 
exit(-1); 
} else { 
for (i = 1; i<= ndata; i++ ) { 
fscanf(fp, "%g", &dummy ); 
x[i] (float) dummy; 
for (m1; m<sets; m++) { 
fscanf(fp,"%g", &dummy); 
M[m] [i] = (float) dummy; 
fscanf(fp,"%g", &dummyi); 




for( i = 1; i < ma; i++ ) { 
*(mask+i) = 1; 	 1* all parameters to fit *1 
} 
*px x; *pm M; *pMsig =Msig; *pmask =mask; 
} 
void save_res(int set, float *a, mt ma, float **cov, float chisq) 
{ 
mt i; 
for(i1; i<--ma ; i++) { 
printfC'%10.8e '/.10.8e \n",a[i],sqrt(cov[i][i])) 
} 
} 






printf("/.1O.8e /.10.8e 	chisq %e \n", aEl], sqrt(cov[1][1]) , *chisq); 
for(i2; i<-ma ; i-i--i.) { 
printf("/.10.8e %10.8e \n",a[i],sqrt(cov[i][i])) 
} 
} 
Function input for fitting 1(t) - Io * exp(—t/T) 
this file: expT.c *****I 
/** Defines function to be fitted and 
** it's first derivative in each of the parameters **/ 
#include <math.h> 
void function(float x, float aD, float *y, float dydaD, mt na); 
void function (float x, float a[], float *y, float dydaD, mt na) 
{ 
/* dyda is vector "malloced" in mrqcof.c , that's where the call to function comes from 
1* y = A * exp(-x/B) */ 
float ex,arg; 
arg = x/a[2]; 
exexp(-arg); 
*y = a[1]*ex; 
dyda [1] =ex; 
dyda [2] =a [1] *ex*arg/a [2]; 
} 
Function input for fitting IA/lB = tanh( 5y T) 
this file: tanh.c 
/** Defines function to be fitted and 
** it's first derivative in each of the parameters **/ 
#include <math.h> 
#define P1 	 3.141592653589 
void function(float x, float aD, float *y, float dyda[], mt na); 
void function (float x, float a[], float *y, float dyda[], mt ma) 
{ 
/* dyda is vectoredmalloced" in mrqcof.c , that's where the call to function comes froi 
/* y = tanh( A*x ) * 1 
= tanh ( a[1] * x ) 




8.8 Spectra referencing script 
The awk script to automate the referencing of the spectra directly from experimental param-
eters saved by the VNMR (Varian) software running the experiment. The macro uses water 
frequency to reference proton dimension and 7X/11H for other. 
#!/bin/nawk -f 
# This file ref erence3D 
# Krystyna Bromek: written Sept. 1999, modified Dec 2000 
BEGIN { 
if (ARGC != 3) { 
printf"\nUSAGE: ref erence3D info-file procpar > out_file \n"; 
printf"\nUse an info-file format:"; 
printf"\n path <full path for fid>"; 
printf"\n ndim <number of dimensions>"; 
printf"\n <dim_number> <nucleus> <offset or 0> <number of real points after ZF&FT>"; 
printf"\n pH <pH>"; 
printf"\n salt <concentraton in mM >\n"; 
printf"\n * offset is a SIGNED value in Hz either 
printf"\n for carrier offset from water frequency 	or 
printf"\n for shaped pulse from where you are pulsing to tof/dof/dof2\;"; 
printf"\n 	\"+\" is up the ppm/Hz scale, \"-\" down "; 
printf"\n * temperature is read directly from procpar; if you think"; 
printf"\n VT was wrong change it in the procpar or let me know."; 
printf"\n * this referencing macro is written for Varian spectrometer with "; 
printf"\n channel 1 	1H, channel 2 - 13C, channel 3 - 15N \n"; 
printf"\n Any comments to Krystyna \n"; 
printf"\ninfo_file eg: \n 	path /usr3/somebody/NMR_DATA/010199 .fid"; 
printf"\n 	ndim 2"; 
printf"\n 1 1H -2200 1024"; 
printf"\n 	2 ilL 	0 	128"; 
printf"\n 3 13C 0 128"; 
printf"\n 	salt 200"; 




# read the data in 
FILENAME == ARGVE11 { 
if ($1=&'path") 	{ fid = 
} else if ($1&'pH") 	{ pH = $2; 
} else if ($1== 11 salt") { salt = $2; 
} else if ($1"ndim") { ndim = $2; 
} else if (($1"l") && ($2"1H")) { Hoffsetl$3; zfnp_diml44; 
} else if (($1 112") && ($2"iH")) { Hoff set2=$3; zfnp_dim244; dim2"1H"; 
} else if (($1 1'2") && ($2"16N")) { Noffset$3; zfnp_dim2$4; dim2"15N"; 
} else if (($1&'2") && ($2"13C")) { Coffset2$3; zfnp_dim2$4; dim2$2; 
} else if (($1"3") && ($2"1H")) { Hoff set3=$3; zfnp.dim3$4; dim3"1H"; 
} else if (($1"3") && ($2"15N 11 )) { Noffset$3; zfnp_dim3$4; dim3&'15N"; 





FILENAME == ARGVC21 { 
if (p1 == "true") { sfrq = $2*l.e+6; 
} else if (p2 == "true") 	{ dfrq = $2*1.e+6; 
} else if (p3 == "true") 	{ dfrq2 = $2*1.e+6; 
} else if (p4 == "true") 	{ temp = $2; 
} else if (p5 == "true") 	{ sw = $2; 
} else if (p6 == "true") 	{ swi = $2; 
)- else if (p7 == "true") 	{ sw2 = $2; 
} else if (p8 == "true") 	{ np = $2; 
} else if (p9 == "true") 	{ npl = 2*$2; 
} else if (plo == "true") { np2 = 2*$2; 
} else if (p11 == "true") { lea = length($2); 
if (ndim == 1) { array = "1" 
} else if (ndim == 2) { array = 11 2" 
} else if (ndim == 3) { 
if (substr($2,2,6) == "phase2") { 
array = 113 2" ; 	# sensitivity enhanced experiment 
} else if (substr($2,2,6) == "phase,") { 
if (substr($2,len-6,6) == "phase2") { 
array = "2 3"; # "normal" 3D 
} else { 
array = 112 3 11 ; # 2D with extra arrayed parameter before phase 
} 
} else { 




if ($1=="sfrq") 	 { p1 = "true"; 
} 
else if ($1"dfrq") { p2 = "true"; 
} 
else if ($1=="dfrq2") { p3 = "true"; 
} else if ($1=="temp") { p4 = "true"; 
} else if ($1"sw 1 ) 	 { p5 = "true"; 
} else if ($1&'swl") { p6 = "true"; 
} else if ($1"sw2") 	{ p7 = "true"; 
} else if ($1"np") { p8 = "true"; 
} else if ($1"ni 1 ) 	 { p9 = "true"; 
} else if ($1"ni2 1 ) 	 { plO = "true" 
} 
else if ($1=="array") { p11 = "true" 
} else { 
pi&'false"; p2 11false"; p3 11false"; p4& 1false"; p5&'false"; 




if (sfrq== 1) {exit(0);} 
# calculate water reference 
t_coef = -0.0119; pH_coef = -0.002; s_coef = -0.009; 
wppm = 4.776 + (temp-25)*t_coef + (pH-7.0)*pH_coef + salt/100.*s_coef 
ganunal5N = 0.1013291180; # " J.Biomol.NMR 6,135(1995) 
t_cNH3 = 0.04*1.e-6 # temp correction coeficient for NH3 (for dfrq2 in Hz) 
ganunal3C = 0.2514495270; # this references 13C to DSS " J.Biomol.NMR 6,135(1995) 
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# possibility to reference 13C to TMS: 
# t_cTMS = -0.004 
# anmmal3C = gainmal3C + dfrq*1.e-6*(1.7 + (temp-25)*t_cTMS)/freq_Hoppm 
4* calculate offsets in ppm 
Hoffsetl_ppm = Hoffsetl*1 .e+6/sfrq; 
Hoff set2_ppm = Hoffset2*1 .e+6/sfrq; 
Hoff set3_ppm = Hoffset3*1 .e+6/sfrq; 
# get the ppm at the middle of the spectrum 
freq_HMlppm = wppm + Hoff set 1_ppm; 
	#ppm at the middle of the spectrum in 1H dim 
freqHM2ppm = wppm + Hoff set2_ppm; 
freq_HM3ppm = wppm + Hoff set3.ppm; 
4* otherways could be called 
# chi_carrier_ppIUl, chcarrier_ppm2, chl_carrier_ppm3 
4* get the zero frequency in ppm 
freq_Hoppm = sfrq / (1 + ((freqilMlppm) * 1.e-6)); 
printf("! freqHoppm is : %f Hz\n", freq_Hoppm); 
printf("! offset carrier to water is: %f ppm\n",HoffsetL..ppm); 
freq....COppm = freq.HOppm * gainma13C 
freq_Noppm = freq...H0ppm * gamma15N - (temp-25)*t_cNH3*dfrq2; 
#get the carrier frequencies in C and N 
ch2_carrier_ppm2 = -1.e+6 * (freq_Coppm 
ch2_carrier_ppm3 = -1.e+6 * (freq_Coppm 
ch3....carrier_ppm = -1.e+6 * (freq_Noppm 
sfrq = sf rq * 1.e-6; 
dfrq = dfrq * 1.e-6; 
dfrq2 = dfrq2 * 1.e-6; 
zfnp_diml = 1+ zfnp_diml/2 
zfnpdim2 = 1+ zfnp_dim2/2 
zfnp_dim3 = 1+ zfnp_dim3/2 
if (ndim == 1) { 
dfrq + Coffset2) / freq..Coppm; 
dfrq + Coffset3) / freq....Coppm; 
dfrq2 + Noff set) / freq_NOppm; 
printf("ndim 'hd \n\nfile '/.s \n\nint \nhead 8 \n\n", ndim, fid ); 
printf("dim 1 \nnpts '/.d ! added 7 to account for head 8\n", np+7); 
printf("sw %f\nsf %f \nref ppm '/.f \nrefpt '/.f 	1+np/2 in ZF&FT spec \nnuc 1H\n\n", 
sw, sfrq, freq_HMlppm, zfnp_diml); 
} else { 
printf("ndim %d \n\nfile %s \n\nint \nvarian '/.s\n\n", ndim, fid, array ); 
printf("dim 1 \nnpts '/.d \nsw '/.f\nsf 'hf \nref ppm '/.f \nrefpt '/.f 
1+np/2 in ZF&FT spec \nnuc 1H\n\n", np, sw, sfrq, freq_HMlppm, zfnp_diml); 




printf("dim 2 \nnpts '/.d \nsw %f\nsf '/.f \nrefppm '/,f \nrefpt %f 
1+np/2 in ZF&FT spec\nnuc 1H\n\n", npl, swi, Sf rq, freq_HM2ppm,zfnp_dim2); 
} 
if (dim2 - 13C") { 
printf('dim 2 \nnpts %d \nsw %f\nsf '/.f \nref ppm '/.f \nrefpt '/.f 
1+np/2 in ZF&FT spec \nnuc '/.s\n\n", 
npl, swi, dfrq, ch2_carrier_ppm2,zfflp_dilU2,dim2) 
} 
if (dim2  
printf("dim 2 \nnpts '/.d \nsw %f\nsf '/.f \nrefppm %f \nrefpt '/,f 
1+np/2 in ZF&FT spec \nnuc 15N\n\n", 
npl, swi, dfrq2, ch3_carrier_ppm,zfnp_dim2); 
} 
if (dim3  
printf("dim 3 \nnpts %d \nsw '/,f\nsf '/.f \nref ppm '/.f \nrefpt '/.f 
1+np/2 in ZF&FT spec \nnuc 1H\n\n", np2, sw2, sfrq, freq_HN3ppm,zfnp_diiU3); 
} 
if (dim3 	"13C") { 
printf("dim 3 \nnpts %d \nsw %f\nsf %f \nrefppm '/.f \nrefpt '/.f 
1+np/2 in ZF&FT spec \nnuc %s\n\n " , 
np2, sw2, dfrq, ch2_carrier_ppm3,zfnp_dim3,dim3) 
} 
if (dim3 == "15N") { 
printf("dim 3 \nnpts '/.d \nsw '/.f\nsf '/.f \nref ppm '/.f \nrefpt '/.f 
1+np/2 in ZF&FT spec \nnuc 16N\n\n", 






908 Phe 599.927 1.262 0.025 7.48 0.16 0.458 0.014 
800.130 1.614 0.498 7.41 1.99 - - 
909 Leu 599.927 1.391 0.145 10.84 1.13 0.653 0.085 
800.130 1.300 0.058 13.99 0.60 - - 
910 Phe 599.927 1.315 0.068 13.29 0.78 0.846 0.020 
800.130 1.303 0.241 27.28 3.85 - - 
911 Ala 599.927 1.513 0.036 12.10 0.29 0.908 0.017 
800.130 1.404 0.054 18.95 0.73 - - 
912 Lys 599.927 1.381 0.039 10.56 0.33 0.734 0.019 
800.130 1.252 0.044 14.97 0.53 - - 
913 Len 599.927 1.375 0.045 10.33 0.35 0.696 0.035 
800.130 1.312 0.060 16.94 0.89 - - 
914 Lys 599.927 1.534 0.062 9.21 0.45 0.705 0.006 
800.130 1.350 0.072 14.40 0.76 - - 
915 Thr 599.927 1.347 0.028 9.05 0.17 0.649 0.002 
800.130 1.324 0.032 12.46 0.28 - - 
916 Gin 599.927 1.531 0.038 8.03 0.22 0.574 0.002 
800.130 1.804 0.110 11.93 0.59 - - 
918 Thr 599.927 1.187 0.026 9.45 0.81 0.434 0.035 
800.130 1.658 0.216 13.19 1.36 - - 
919 Ala 599.927 1.416 0.021 7.37 0.11 0.581 0.000 
800.130 1.624 0.063 12.44 0.25 - - 
920 Ser 599.927 1.077 0.037 11.80 0.36 0.516 0.027 
800.130 1.291 0.046 15.77 0.60 - - 
921 Asp 599.927 1.372 0.019 8.29 0.12 0.633 0.030 
800.130 1.415 0.026 13.26 0.23 - - 
922 Phe 599.927 1.478 0.041 8.77 0.27 0.664 0.025 
800.130 1.303 0.049 13.15 0.47 - - 
925 Gly 599.927 1.360 0.053 11.30 0.49 0.723 0.021 
800.130 1.162 0.056 16.55 0.88 - - 
926 Thr 599.927 1.417 0.032 12.34 0.22 0.812 0.004 
800.130 1.361 0.047 17.18 0.66 - - 
927 Ser 599.927 1.281 0.034 11.21 0.30 0.728 0.030 
800.130 1.232 0.046 16.11 0.67 - - 
928 Leu 599.927 1.405 0.049 10.59 0.47 0.727 0.057 
800.130 1.267 0.063 14.01 0.68 - - 
929 Lys 599.927 1.331 0.042 10.67 0.32 0.691 0.018 
800.130 1.185 0.042 13.44 0.48 - - 
930 Tyr 599.927 1.459 0.061 11.30 0.53 0.684 0.087 
800.130 1.283 0.062 14.62 0.70 - - 
931 Giu 599.927 1.412 0.051 11.54 0.38 0.707 0.038 
800.130 1.163 0.048 16.43 0.72 - - 
932 Cys 599.927 1.410 0.044 10.49 0.33 0.730 0.012 
800.130 1.250 0.054 15.70 0.70 - - 
933 Arg 599.927 1.504 0.062 10.67 0.44 0.813 0.013 
800.130 1.335 0.084 15.25 0.95 - - 
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935 Glu 599.927 1.218 0.037 11.88 0.36 0.845 0.011 
800.130 1.071 0.048 18.64 0.99 - - 
936 Tyr 599.927 1.345 0.037 11.89 0.34 0.794 0.026 
800.130 1.222 0.044 19.66 0.87 - - 
937 Tyr 599.927 1.526 0.047 10.90 0.38 0.787 0.020 
800.130 1.322 0.054 16.50 0.75 - - 
938 Gly 599.927 1.424 0.034 9.37 0.22 0.719 0.018 
800.130 1.466 0.057 16.72 0.69 - - 
939 Arg 599.927 1.193 0.024 8.78 0.15 0.548 0.000 
800.130 1.374 0.129 11.54 0.98 - - 
941 Phe 599.927 1.475 0.042 12.11 0.32 0.839 0.055 
800.130 1.268 0.037 17.48 0.58 - - 
942 Ser 599.927 1.367 0.041 10.32 0.31 0.743 0.017 
800.130 1.265 0.043 14.99 0.52 - - 
943 lie 599.927 1.458 0.048 10.97 0.38 0.806 0.050 
800.130 1.338 0.053 15.05 0.62 - - 
944 Thr 599.927 1.314 0.056 11.26 0.46 0.755 0.070 
800.130 1.243 0.062 16.26 0.83 - - 
945 Cys 599.927 1.454 0.053 10.78 0.38 0.811 0.039 
800.130 1.319 0.072 15.96 0.92 - - 
946 Leu 599.927 1.263 0.061 13.36 0.82 0.728 0.003 
800.130 1.109 0.063 17.69 1.18 - - 
947 Asp 599.927 1.334 0.032 11.07 0.23 0.672 0.002 
800.130 1.098 0.033 15.27 0.47 - - 
948 Asn 599.927 1.183 0.036 14.01 0.40 0.780 0.003 
800.130 1.047 0.046 19.46 1.04 - - 
949 Leu 599.927 1.496 0.048 14.54 0.48 0.725 0.037 
800.130 1.258 0.055 22.38 1.36 - - 
950 Val 599.927 1.296 0.041 15.06 0.54 0.726 0.013 
800.130 1.089 0.055 26.54 2.12 - - 
951 Trp 599.927 1.316 0.035 11.30 0.29 0.654 0.032 
800.130 1.142 0.043 17.94 0.82 - - 
952 Ser 599.927 1.354 0.040 11.20 0.33 0.753 0.019 
800.130 1.213 0.041 16.90 0.61 - - 
953 Ser 599.927 1.312 0.030 9.75 0.21 0.651 0.017 
800.130 1.332 0.039 14.10 0.42 - - 
955 Lys 599.927 1.267 0.028 7.82 0.15 0.254 0.020 
800.130 1.481 0.051 9.28 0.20 - - 
956 Asp 599.927 1.412 0.036 7.40 0.19 0.398 0.016 
800.130 1.568 0.072 10.63 0.41 - - 
957 Val 599.927 1.254 0.021 7.55 0.12 0.467 0.022 
800.130 1.224 0.027 11.27 0.24 - - 
958 Cys 599.927 1.408 0.028 7.85 0.17 0.561 0.014 
800.130 1.299 0.044 13.95 0.46 - - 
960 Arg 599.927 1.482 0.047 10.81 0.38 0.712 0.014 
800.130 1.493 0.082 17.44 1.00 - - 
APPENDICES 
	 231 
961 Lys 599.927 1.390 0.060 11.31 0.50 0.759 0.006 
800.130 1.258 0.083 17.75 1.28 - - 
962 Ser 599.927 1.374 0.049 10.58 0.33 0.725 0.015 
800.130 1.313 0.059 17.35 0.87 - - 
963 Cys 599.927 1.393 0.052 10.59 0.39 0.679 0.024 
800.130 1.287 0.066 17.39 1.01 - - 
964 Lys 599.927 1.401 0.037 10.68 0.26 0.749 0.003 
800.130 1.413 0.060 17.38 0.83 - - 
965 Thr 599.927 1.331 0.044 10.96 0.28 0.568 0.018 
800.130 1.505 0.063 11.12 0.42 - - 
970 Val 599.927 1.400 0.036 10.12 0.25 0.696 0.020 
800.130 1.286 0.039 15.06 0.47 - - 
971 Asn 599.927 1.486 0.044 10.37 0.32 0.736 0.002 
800.130 1.400 0.053 14.09 0.51 - - 
972 Gly 599.927 1.448 0.051 12.36 0.44 0.776 0.022 
800.130 1.341 0.079 16.71 1.14 - - 
974 Val 599.927 1.362 0.090 10.47 0.74 0.758 0.026 
800.130 1.310 0.121 15.07 1.48 - - 
975 His 599.927 1.455 0.081 8.84 0.62 0.695 0.002 
800.130 1.357 0.111 15.72 1.39 - - 
976 Val 599.927 1.324 0.054 10.23 0.45 0.671 0.003 
800.130 1.396 0.047 9.84 0.21 - - 
977 lie 599.927 1.396 0.051 9.56 0.37 0.665 0.017 
800.130 1.311 0.067 14.14 0.66 - - 
978 Thr 599.927 1.358 0.054 10.54 0.51 0.687 0.018 
800.130 1.343 0.085 19.21 1.41 - - 
979 Asp 599.927 1.397 0.028 9.38 0.19 0.681 0.051 
800.130 1.491 0.051 14.01 0.46 - - 
980 lie 599.927 1.307 0.064 13.24 0.66 0.757 0.039 
800.130 1.176 0.093 24.82 2.93 - - 
981 Gin 599.927 1.499 0.040 11.57 0.29 0.749 0.017 
800.130 1.473 0.046 14.45 0.44 - - 
982 Val 599.927 1.309 0.037 13.30 0.33 0.726 0.036 
800.130 1.163 0.046 19.42 0.92 - - 
983 Gly 599.927 1.301 0.063 14.17 0.76 0.774 0.072 
800.130 1.198 0.073 21.02 1.63 - - 
984 Ser 599.927 1.460 0.030 12.26 0.24 0.764 0.002 
800.130 1.405 0.044 17.57 0.58 - - 
985 Arg 599.927 1.358 0.040 11.24 0.34 0.706 0.001 
800.130 1.331 0.048 16.39 0.65 - - 
986 lie 599.927 1.526 0.069 11.15 0.53 0.752 0.058 
800.130 1.305 0.084 18.13 1.31 - - 
987 Thr 599.927 1.495 0.066 11.81 0.52 0.779 0.011 
800.130 1.320 0.056 17.84 0.82 - - 
988 Tyr 599.927 1.433 0.083 12.79 0.77 0.710 0.015 
800.130 1.323 0.122 16.34 1.67 - - 
APPENDICES 
	 232 
989 Ser 599.927 1.448 0.069 10.20 0.66 0.773 0.067 
800.130 1.353 0.102 14.86 1.12 - - 
991 Thr 599.927 1.469 0.046 10.62 0.31 0.666 0.011 
800.130 1.430 0.051 14.67 0.54 - - 
992 Thr 599.927 1.367 0.040 10.81 0.29 0.658 0.037 
800.130 1.632 0.069 15.47 0.46 - - 
994 His 599.927 1.329 0.038 11.79 0.30 0.692 0.013 
800.130 1.452 0.045 17.00 0.59 - - 
995 Arg 599.927 1.347 0.046 10.48 0.39 0.731 0.041 
800.130 1.242 0.048 14.44 0.56 - - 
996 Leu 599.927 1.374 0.057 9.26 0.41 0.735 0.054 
800.130 1.293 0.054 15.06 0.65 - - 
997 lie 599.927 1.559 0.068 10.09 0.50 0.749 0.022 
800.130 1.369 0.068 13.95 0.65 - - 
998 Gly 599.927 1.378 0.038 11.97 0.33 0.708 0.019 
800.130 1.354 0.047 16.12 0.59 - - 
999 His 599.927 1.351 0.054 10.03 0.41 0.720 0.031 
800.130 1.421 0.055 14.83 0.58 - - 
1000 Ser 599.927 1.466 0.085 10.96 0.70 0.690 0.046 
800.130 1.692 0.271 14.25 1.91 - - 
1001 Ser 599.927 1.443 0.027 11.34 0.19 0.736 0.032 
800.130 1.550 0.039 15.68 0.37 - - 
1002 Ala 599.927 1.473 0.042 10.31 0.28 0.753 0.051 
800.130 1.354 0.044 14.87 0.50 - - 
1003 Giu 599.927 1.400 0.056 11.03 0.48 0.712 0.026 
800.130 1.307 0.056 16.08 0.73 - - 
1004 Cys 599.927 1.506 0.052 10.29 0.39 0.720 0.002 
800.130 1.341 0.060 16.77 0.84 - - 
1005 lie 599.927 1.200 0.050 13.35 0.63 0.755 0.043 
800.130 1.082 0.069 21.86 1.81 - - 
1006 Leu 599.927 1.382 0.039 11.23 0.30 0.683 0.009 
800.130 1.187 0.047 17.61 0.80 - - 
1007 Ser 599.927 1.567 0.046 9.01 0.26 0.630 0.001 
800.130 1.613 0.056 13.86 0.46 - - 
1010 Thr 599.927 1.430 0.025 10.11 0.17 0.694 0.013 
800.130 1.681 0.050 16.22 0.50 - - 
1011 Ala 599.927 1.500 0.029 8.27 0.17 0.615 0.003 
800.130 1.588 0.053 14.73 0.46 - - 
1012 His 599.927 1.388 0.042 12.14 0.40 0.719 0.035 
800.130 1.198 0.054 18.74 0.98 - - 
1013 Trp 599.927 1.375 0.043 10.76 0.29 0.703 0.001 
800.130 1.313 0.058 15.90 0.75 - - 
1014 Ser 599.927 1.446 0.056 11.50 0.50 0.809 0.007 
800.130 1.377 0.064 15.81 0.76 - - 
1015 Thr 599.927 1.354 0.030 11.02 0.22 0.774 0.002 
800.130 1.359 0.033 15.12 0.32 - - 
APPENDICES 
	 233 
1016 Lys 599.927 1.360 0.038 9.93 0.27 0.639 0.018 
800.130 1.634 0.085 13.75 0.67 - - 
1019 lie 599.927 1.490 0.057 9.17 0.38 0.747 0.022 
800.130 1.255 0.059 16.14 0.82 - - 
1020 Cys 599.927 1.445 0.050 9.72 0.40 0.680 0.027 
800.130 1.278 0.064 14.17 0.70 - - 
1021 Gin 599.927 1.355 0.054 9.95 0.44 0.670 0.025 
800.130 1.234 0.063 14.12 0.70 - - 
1022 Arg 599.927 1.452 0.075 10.74 0.61 0.663 0.051 
800.130 1.621 0.122 15.95 1.12 - - 
1023 lie 599.927 1.418 0.037 8.66 0.23 0.572 0.023 
800.130 1.346 0.047 13.56 0.45 - - 
Residue 'H 	[Hz] R1 [s'] AR, 
CR1:16,17 
R2 [s1] 	AR2 15N- 1 H NOE z 15N- 1 H NOE 
959 Glu 599.927 1.016 0.019 3.47 0.05 -0.709 0.010 
800.130 0.369 0.009 3.56 0.08 - - 
960 Ala 599.927 1.205 0.041 4.20 0.12 -0.397 0.009 
800.130 0.533 0.011 5.16 0.11 - - 
961 Lys 599.927 1.289 0.039 6.09 0.14 0.053 0.011 
800.130 0.695 0.018 6.76 0.17 - - 
962 Ser 599.927 1.445 0.047 10.38 0.27 0.457 0.016 
800.130 1.268 0.035 12.42 0.35 - - 
963 Cys 599.927 1.476 0.081 10.50 0.28 0.684 0.028 
800.130 1.429 0.071 13.47 0.62 - - 
964 Lys 599.927 1.493 0.053 12.93 0.18 0.671 0.019 
800.130 1.629 0.077 15.96 0.75 - - 
968 Asp 599.927 1.317 0.057 11.07 0.22 0.604 0.026 
800.130 1.375 0.066 13.48 0.65 - - 
970 Val 599.927 1.374 0.063 12.01 0.24 0.665 0.023 
800.130 1.562 0.074 15.31 0.72 - - 
971 Asn 599.927 1.466 0.067 11.50 0.55 0.762 0.026 
800.130 1.447 0.082 14.28 0.73 - - 
972 Gly 599.927 1.420 0.078 12.09 0.74 0.771 0.033 
800.130 1.675 0.089 16.42 0.87 - - 
973 Met 599.927 1.413 0.239 12.84 1.23 0.821 0.076 
800.130 1.533 0.164 15.03 1.61 - - 
974 Val 599.927 1.645 0.130 11.82 0.61 0.730 0.041 
800.130 1.527 0.137 15.00 1.35 - - 
975 His 599.927 1.537 0.164 10.49 1.58 0.775 0.042 
800.130 1.719 0.275 16.73 2.66 - - 
976 Val 599.927 1.282 0.087 11.78 0.99 0.738 0.035 
800.130 1.548 0.138 15.18 1.35 - - 
977 lie 599.927 1.510 0.102 9.65 0.25 0.658 0.027 
800.130 1.140 0.086 11.16 0.85 - - 
APPENDICES 
	 234 
978 Thr 599.927 1.365 0.143 14.48 0.76 0.745 0.038 
800.130 1.938 0.182 18.97 1.76 - - 
979 Asp 599.927 1.465 0.082 9.91 0.28 0.644 0.016 
800.130 1.197 0.045 11.72 0.44 - - 
980 lie 599.927 1.359 0.092 18.30 1.17 0.716 0.045 
800.130 3.228 0.631 29.38 4.83 - - 
981 Gin 599.927 1.486 0.062 12.12 0.23 0.757 0.028 
800.130 1.636 0.081 16.06 0.79 - - 
982 Val 599.927 1.154 0.047 13.82 0.43 0.725 0.025 
800.130 1.737 0.084 17.03 0.82 - - 
983 Gly 599.927 1.401 0.088 14.02 0.72 0.729 0.035 
800.130 1.970 0.194 19.34 1.75 - - 
984 Ser 599.927 1.401 0.061 13.31 0.23 0.726 0.020 
800.130 1.746 0.067 17.08 0.65 - - 
985 Arg 599.927 1.452 0.065 11.63 0.87 0.693 0.024 
800.130 1.566 0.072 15.34 0.71 - - 
986 lie 599.927 1.479 0.078 12.09 1.14 0.711 0.029 
800.130 1.593 0.117 15.64 1.15 - - 
987 Thr 599.927 1.496 0.112 13.21 0.62 0.699 0.036 
800.130 1.737 0.144 16.97 1.39 - - 
988 Tyr 599.927 1.407 0.103 11.91 1.20 0.686 0.036 
800.130 1.516 0.164 14.89 1.61 - - 
989 Ser 599.927 1.356 0.079 12.22 0.53 0.734 0.027 
800.130 1.558 0.125 15.22 1.12 - - 
991 Thr 599.927 1.439 0.077 12.57 0.56 0.699 0.030 
800.130 1.684 0.110 16.56 1.08 - - 
992 Thr 599.927 1.416 0.109 13.57 0.27 0.751 0.029 
800.130 1.688 0.098 16.50 0.95 - - 
993 Gly 599.927 1.457 0.186 12.79 1.55 0.727 0.050 
800.130 1.992 0.318 19.61 3.08 - - 
994 His 599.927 1.475 0.067 14.42 0.26 0.770 0.027 
800.130 1.820 0.096 17.82 0.93 - - 
995 Arg 599.927 1.426 0.086 12.57 0.60 0.752 0.030 
800.130 1.544 0.105 15.14 1.03 - - 
996 Leu 599.927 1.472 0.078 11.59 0.34 0.784 0.035 
800.130 1.784 0.148 17.45 1.44 - - 
997 lie 599.927 1.537 0.081 11.25 0.34 0.783 0.031 
800.130 1.474 0.093 14.49 0.91 - - 
998 Gly 599.927 1.355 0.075 13.23 0.51 0.778 0.030 
800.130 1.791 0.112 17.64 1.09 - - 
999 His 599.927 1.370 0.068 12.24 0.62 0.711 0.029 
800.130 1.501 0.087 14.71 0.85 - - 
1000 Ser 599.927 1.532 0.163 10.93 0.69 0.714 0.040 
800.130 1.409 0.146 13.78 1.44 - - 
1001 Ser 599.927 1.460 0.045 12.48 0.45 0.732 0.016 
800.130 1.637 0.058 16.03 0.57 - - 
APPENDICES 
	 235 
1002 Ala 599.927 1.409 0.050 11.74 0.49 0.706 0.018 
800.130 1.476 0.035 14.44 0.34 - - 
1003 Glu 599.927 1.462 0.127 11.85 0.26 0.739 0.029 
800.130 1.543 0.100 15.12 0.98 - - 
1004 Cys 599.927 1.522 0.068 12.18 0.27 0.714 0.027 
800.130 1.639 0.108 16.03 1.05 - - 
1005 lie 599.927 1.366 0.064 13.39 0.30 0.823 0.032 
800.130 1.809 0.158 17.65 1.53 - - 
1006 Leu 599.927 1.410 0.052 12.16 0.21 0.643 0.023 
800.130 1.624 0.072 15.93 0.71 - - 
1007 Ser 599.927 1.607 0.061 9.54 0.36 0.520 0.018 
800.130 1.235 0.049 12.07 0.49 - - 
1010 Thr 599.927 1.453 0.050 10.73 0.36 0.615 0.015 
800.130 1.381 0.034 13.53 0.33 - - 
1011 Ala 599.927 1.501 0.047 10.11 0.43 0.679 0.019 
800.130 1.197 0.047 11.68 0.46 - - 
1012 His 599.927 1.428 0.061 12.00 0.56 0.685 0.025 
800.130 1.508 0.083 14.79 0.82 - - 
1013 Trp 599.927 1.425 0.059 12.19 0.37 0.677 0.019 
800.130 1.435 0.068 14.03 0.67 - - 
1014 Ser 599.927 1.478 0.077 11.60 0.46 0.754 0.031 
800.130 1.449 0.080 14.21 0.78 - - 
1015 Thr 599.927 1.372 0.034 11.81 0.15 0.716 0.016 
800.130 1.490 0.041 14.60 0.40 - - 
1016 Lys 599.927 1.374 0.106 10.79 0.40 0.590 0.036 
800.130 1.400 0.101 13.66 0.93 - - 
1019 lie 599.927 1.457 0.076 12.61 0.54 0.728 0.032 
800.130 1.564 0.090 15.35 0.89 - - 
1020 Cys 599.927 1.385 0.130 10.86 0.74 0.734 0.031 
800.130 1.357 0.092 13.32 0.91 - - 
1021 Gin 599.927 1.428 0.071 11.48 0.43 0.703 0.030 
800.130 1.521 0.110 14.88 1.08 - - 
1022 Arg 599.927 1.417 0.203 11.73 0.90 0.713 0.042 
800.130 1.617 0.302 15.94 2.97 - - 
1023 lie 599.927 1.446 0.107 12.60 0.46 0.759 0.039 
800.130 1.506 0.168 14.63 1.64 - - 
1025 Cys 599.927 1.514 0.106 13.18 0.94 0.803 0.043 
800.130 1.657 0.129 16.27 1.27 - - 
1026 Gly 599.927 1.570 0.190 10.00 0.26 0.676 0.029 
800.130 1.334 0.110 13.06 1.08 - - 
1027 Leu 599.927 1.376 0.063 12.37 0.93 0.721 0.030 
800.130 1.629 0.090 15.96 0.88 - - 
1030 Thr 599.927 1.370 0.065 12.31 0.65 0.784 0.026 
800.130 1.515 0.075 14.82 0.74 - - 
1031 lie 599.927 1.420 0.061 11.80 0.47 0.742 0.026 




1032 Ala 599.927 1.465 0.069 11.83 0.95 0.700 0.029 
800.130 1.686 0.118 16.52 1.15 - - 
1033 Asn 599.927 1.470 0.080 12.02 0.48 0.749 0.029 
800.130 1.419 0.087 13.88 0.86 - - 
1034 Gly 599.927 1.386 0.053 12.77 0.42 0.745 0.019 
800.130 1.621 0.069 15.84 0.68 - - 
1035 Asp 599.927 1.505 0.071 12.25 0.67 0.732 0.030 
800.130 1.601 0.089 15.71 0.87 - - 
1036 Phe 599.927 1.399 0.073 12.24 0.40 0.792 0.030 
800.130 1.559 0.083 15.27 0.81 - - 
1037 lie 599.927 1.511 0.090 11.16 0.84 0.700 0.028 
800.130 1.401 0.089 13.72 0.88 - - 
1038 Ser 599.927 1.462 0.089 11.06 0.52 0.656 0.028 
800.130 1.466 0.077 14.39 0.76 - - 
1040 Asn 599.927 1.415 0.137 10.61 1.12 0.619 0.033 
800.130 1.296 0.079 12.67 0.78 - - 
1042 Glu 599.927 1.421 0.094 12.07 0.60 0.533 0.029 
800.130 1.451 0.080 14.22 0.78 - - 
1043 Asn 599.927 1.353 0.079 10.81 1.09 0.566 0.021 
800.130 1.227 0.061 12.01 0.60 - - 
1044 Phe 599.927 1.441 0.059 7.53 0.41 0.589 0.022 
800.130 1.160 0.049 11.34 0.48 - - 
1046 Tyr 599.927 1.314 0.088 13.69 0.40 0.703 0.036 
800.130 1.848 0.198 18.14 1.92 - - 
1047 Gly 599.927 1.450 0.112 14.51 0.53 0.758 0.038 
800.130 1.977 0.216 19.30 2.07 - - 
1048 Ser 599.927 1.275 0.068 14.54 1.13 0.842 0.029 
800.130 1.995 0.148 19.46 1.41 - - 
1050 Val 599.927 1.516 0.103 11.93 0.39 0.804 0.037 
800.130 1.712 0.146 16.77 1.42 - - 
1051 Thr 599.927 1.470 0.077 10.74 0.43 0.724 0.038 
800.130 1.481 0.088 14.54 0.86 - - 
1052 Tyr 599.927 1.484 0.163 12.89 0.77 0.776 0.037 
800.130 1.585 0.151 15.50 1.47 - - 
1053 Arg 599.927 1.368 0.074 12.27 1.27 0.798 0.033 
800.130 1.599 0.095 15.70 0.93 - - 
1054 Cys 599.927 1.429 0.069 12.30 1.02 0.686 0.031 
800.130 1.562 0.099 15.34 0.98 - - 
1055 Asu 599.927 1.542 0.073 10.95 1.00 0.830 0.032 
800.130 1.483 0.105 14.53 1.03 - - 
1056 Leu 599.927 1.292 0.042 11.16 0.59 0.672 0.016 
800.130 1.382 0.040 13.50 0.39 - - 
1057 Gly 599.927 1.340 0.064 10.04 0.67 0.551 0.020 
800.130 1.254 0.050 12.28 0.49 - - 
1060 Gly 599.927 1.424 0.181 12.06 1.42 0.611 0.042 
800.130 1.346 0.131 13.17 1.29 - - 
APPENDICES 
	 237 
1061 Arg 599.927 1.349 0.114 9.71 0.82 0.432 0.021 
800.130 1.258 0.069 12.34 0.68 - - 
1062 Lys 599.927 1.414 0.061 10.52 0.65 0.533 0.022 
800.130 1.419 0.059 13.87 0.58 - - 
1063 Val 599.927 1.103 0.063 11.64 0.46 0.492 0.029 
800.130 1.634 0.117 15.95 1.14 - - 
1064 Phe 599.927 1.377 0.051 11.89 0.19 0.676 0.020 
800.130 1.564 0.061 15.34 0.60 - - 
1065 Glu 599.927 1.376 0.058 10.62 0.65 0.774 0.026 
800.130 1.299 0.053 12.73 0.52 - - 
1066 Leu 599.927 1.314 0.057 11.23 0.58 0.591 0.024 
800.130 1.654 0.086 16.19 0.84 - - 
1067 Val 599.927 1.542 0.165 12.03 1.03 0.776 0.032 
800.130 1.313 0.082 12.87 0.81 - - 
1068 Gly 599.927 1.317 0.061 13.02 0.30 0.695 0.031 
800.130 1.618 0.091 15.82 0.89 - - 
1069 Glu 599.927 1.074 0.039 10.82 0.41 0.627 0.018 
800.130 1.374 0.050 13.44 0.49 - - 
1071 Ser 599.927 1.398 0.056 11.98 0.21 0.690 0.022 
800.130 1.484 0.052 14.54 0.51 - - 
1072 lie 599.927 1.443 0.088 12.89 0.95 0.754 0.031 
800.130 1.646 0.118 16.11 1.15 - - 
1073 Tyr 599.927 1.643 0.104 13.58 0.73 0.702 0.028 
800.130 1.691 0.130 16.57 1.26 - - 
1074 Cys 599.927 1.501 0.105 11.38 0.40 0.722 0.044 
800.130 1.643 0.148 16.11 1.45 - - 
1075 Thr 599.927 1.393 0.107 16.50 0.56 0.752 0.052 
800.130 2.295 0.365 21.71 3.09 - - 
1076 Ser 599.927 1.529 0.076 12.66 0.36 0.722 0.023 
800.130 1.622 0.077 15.90 0.76 - - 
1080 Gin 599.927 1.351 0.130 22.42 2.88 0.794 0.065 
1082 Gly 599.927 1.522 0.113 21.83 0.84 0.777 0.055 
1084 Trp 599.927 1.369 0.087 12.08 0.61 0.696 0.035 
800.130 1.601 0.111 15.75 1.09 - - 
1085 Ser 599.927 1.527 0.082 12.04 0.88 0.699 0.025 
800.130 1.457 0.110 14.25 1.08 - - 
1086 Gly 599.927 1.448 0.047 11.83 0.50 0.824 0.018 
800.130 1.589 0.055 15.59 0.54 - - 
1088 Ala 599.927 1.495 0.061 10.95 0.70 0.750 0.024 
800.130 1.389 0.063 13.62 0.62 - - 
1090 Gin 599.927 1.457 0.140 11.87 0.31 0.705 0.028 
800.130 1.486 0.069 14.58 0.68 - - 
1091 Cys 599.927 1.397 0.067 11.38 0.39 0.694 0.027 
800.130 1.332 0.071 13.08 0.70 - - 
1092 lie 599.927 1.399 0.066 11.67 1.27 0.701 0.026 
800.130 1.551 0.086 15.19 0.84 - - 
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Relaxation rates measured at 0.33 mM concentration and at 37° C ( l1'v = 
599.927 Hz). 
Residue R1 [s'] 
CR1:15,16 
AR1 	R2 [s'] AR2 
899 Glu 0.98 0.16 6.77 0.54 
900 Ala 1.26 0.18 6.14 0.97 
902 Cys 1.46 0.16 11.50 0.90 
903 Gin 1.35 0.07 11.39 0.34 
904 Ala 1.21 0.07 9.66 0.36 
906 Asp 1.18 0.07 9.71 0.51 
907 His 1.45 0.11 13.26 0.70 
908 Phe 1.22 0.11 7.44 1.00 
911 Ala 1.50 0.11 13.59 1.30 
912 Lys 1.48 0.11 10.63 0.50 
913 Leu 1.48 0.13 10.45 1.42 
914 Lys 1.62 0.13 11.37 0.87 
915 Thr 1.34 0.08 9.56 0.39 
916 Gin 1.34 0.31 9.63 1.84 
919 Ala 1.41 0.08 9.13 0.37 
920 Ser 0.89 0.13 12.55 0.90 
921 Asp 1.42 0.06 9.41 0.33 
922 Phe 1.39 0.13 10.82 0.63 
925 Gly 1.30 0.11 11.38 0.63 
926 Thr 1.50 0.09 12.87 0.54 
927 Ser 1.34 0.08 11.33 0.35 
928 Leu 1.39 0.11 9.35 0.56 
929 Lys 1.24 0.10 10.15 0.60 
930 Tyr 1.37 0.14 11.70 0.59 
931 Glu 1.41 0.13 12.48 1.08 
932 Cys 1.41 0.11 12.42 0.62 
933 Arg 1.56 0.18 10.82 0.74 
935 Glu 1.20 0.10 11.75 0.62 
936 Tyr 1.32 0.11 13.69 1.56 
937 Tyr 1.48 0.12 11.62 0.62 
938 Gly 1.38 0.16 11.76 1.78 
939 Arg 1.16 0.08 9.60 0.63 
941 Phe 1.53 0.11 11.82 0.63 
942 Ser 1.45 0.11 9.39 0.48 
943 lie 1.45 0.10 11.95 0.52 
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944 Thr 1.36 0.13 12.31 0.81 
945 Cys 1.36 0.19 12.23 1.27 
946 Leu 1.29 0.12 12.90 1.40 
947 Asp 1.36 0.09 11.40 0.52 
948 Asn 1.26 0.10 13.24 1.29 
949 Leu 1.63 0.13 14.20 1.19 
950 Val 1.27 0.12 12.98 0.73 
951 Trp 1.32 0.11 10.57 0.45 
952 Ser 1.37 0.08 13.23 1.32 
953 Ser 1.35 0.10 9.62 0.48 
955 Lys 1.16 0.11 7.31 0.48 
956 Asp 1.32 0.20 9.52 1.28 
957 Val 1.24 0.06 7.95 0.28 
958 Cys 1.46 0.10 10.04 0.59 
959 Lys 1.21 0.08 12.56 0.84 
960 Arg 1.44 0.17 10.66 1.33 
961 Lys 1.50 0.16 11.38 0.85 
962 Ser 1.51 0.15 10.84 0.78 
963 Cys 1.41 0.14 10.42 0.76 
964 Lys 1.37 0.11 10.83 0.69 
970 Val 1.50 0.09 10.32 0.43 
971 Asn 1.64 0.09 10.14 0.95 
972 Gly 1.40 0.20 12.25 1.13 
974 Val 1.39 0.28 12.36 1.45 
976 Val 0.96 0.12 8.86 1.44 
977 lie 1.28 0.13 10.81 1.01 
978 Thr 1.16 0.14 11.01 0.86 
979 Asp 1.40 0.08 9.43 0.49 
980 lie 1.30 0.15 15.72 2.87 
982 Val 1.27 0.10 13.05 0.92 
984 Ser 1.45 0.09 12.21 0.50 
985 Arg 1.33 0.10 11.14 0.79 
986 lie 1.37 0.15 13.13 1.55 
987 Thr 1.49 0.14 11.56 0.86 
989 Ser 1.54 0.14 10.27 1.48 
990 Cys 1.57 0.14 9.40 1.15 
991 Thr 1.47 0.09 11.20 0.51 
992 Thr 1.32 0.11 11.09 0.52 
994 His 1.39 0.06 10.57 0.28 




996 Leu 1.47 0.16 8.79 0.77 
997 lie 1.68 0.13 9.39 1.28 
1001 Ser 1.50 0.07 11.12 0.46 
1002 Ala 1.45 0.09 11.61 0.49 
1003 Glu 1.41 0.11 10.80 0.66 
1004 Cys 1.51 0.13 12.16 1.39 
1005 lie 1.20 0.16 12.07 1.50 
1006 Leu 1.38 0.11 13.28 0.73 
1007 Ser 1.58 0.11 11.25 1.00 
1010 Thr 1.40 0.09 12.48 1.35 
1011 Ala 1.60 0.11 10.28 0.58 
1013 Trp 1.00 0.67 9.46 3.44 
1014 Ser 1.54 0.13 10.78 1.34 
1015 Thr 1.35 0.06 8.96 0.53 
1016 Lys 1.36 0.17 10.72 0.80 
1019 lie 1.35 0.12 11.28 0.58 
1020 Cys 1.45 0.12 11.20 0.83 
1021 Gin 1.44 0.11 8.10 0.44 
1022 Arg 1.50 0.22 10.86 1.09 
1023 lie 1.35 0.09 8.94 0.46 
Residue R1 [s'] 
CR1:16,17 
zR1 	R2 [s'J zR2 
959 Giu 1.03 0.08 3.55 1.33 
960 Ala 1.24 0.10 3.83 1.61 
961 Lys 1.26 0.15 5.85 0.98 
962 Ser 1.45 0.19 10.07 2.71 
963 Cys 1.52 0.25 9.99 1.30 
964 Lys 1.63 0.20 12.68 1.22 
968 Asp 1.34 0.10 9.93 2.32 
970 Val 1.46 0.10 10.78 1.06 
971 Asn 1.67 0.13 13.23 2.94 
972 Gly 1.41 0.13 13.79 0.86 
973 Met 1.66 0.23 15.30 1.78 
974 Val 1.69 0.17 8.24 1.87 
975 His 1.43 0.20 10.35 1.15 
976 Val 1.29 0.15 11.62 3.02 
977 lie 1.38 0.12 9.03 0.81 
978 Thr 1.35 0.16 15.15 1.22 




980 lie 1.39 0.16 17.74 1.38 
981 Gin 1.45 0.11 11.93 0.88 
982 Val 1.28 0.09 12.73 0.76 
983 Gly 1.44 0.15 14.00 1.03 
984 Ser 1.50 0.08 10.82 1.44 
985 Arg 1.56 0.12 10.45 0.71 
986 lie 1.69 0.15 11.17 0.90 
987 Thr 1.47 0.19 14.92 1.47 
988 Tyr 1.39 0.17 12.41 1.03 
989 Ser 1.44 0.14 10.10 0.90 
991 Thr 1.78 0.16 14.01 2.45 
992 Thr 1.40 0.13 11.72 1.02 
993 Gly 1.35 0.27 14.54 1.80 
994 His 1.65 0.12 13.48 1.17 
995 Arg 1.56 0.16 10.33 0.99 
996 Leu 1.47 0.14 10.90 1.14 
997 lie 1.61 0.15 10.52 2.08 
998 Gly 1.46 0.12 11.65 0.94 
999 His 1.43 0.11 10.57 0.78 
1000 Ser 1.56 0.29 12.65 3.47 
1001 Ser 1.48 0.07 12.69 0.53 
1002 Ala 1.44 0.09 11.23 0.44 
1003 Giu 1.63 0.14 9.99 1.43 
1004 Cys 1.63 0.12 11.11 0.78 
1005 lie 1.38 0.11 13.84 0.91 
1006 Leu 1.48 0.09 10.50 0.78 
1007 Ser 1.56 0.10 10.14 1.64 
1010 Thr 1.57 0.08 11.36 0.50 
1011 Ala 1.57 0.09 10.90 0.98 
1012 His 1.52 0.11 10.64 1.62 
1013 Trp 1.53 0.09 10.92 0.59 
1014 Ser 1.62 0.14 9.81 1.00 
1015 Thr 1.44 0.07 10.29 0.52 
1016 Lys 1.45 0.17 13.36 2.10 
1019 Ile 1.52 0.14 13.41 0.82 
1020 Cys 1.47 0.13 11.87 0.76 
1021 GIn 1.45 0.13 12.89 0.79 
1022 Arg 1.14 0.31 13.20 4.93 
1023 lie 1.58 0.22 10.28 1.49 




1026 Gly 1.69 0.16 9.16 0.94 
1027 Leu 1.59 0.14 11.93 1.80 
1030 Thr 1.43 0.13 11.68 1.80 
1031 lie 1.51 0.12 11.20 0.72 
1032 Ala 1.49 0.14 10.34 1.02 
1033 Asn 1.46 0.15 13.70 2.40 
1034 Gly 1.44 0.10 13.02 0.85 
1035 Asp 1.60 0.15 10.47 1.10 
1036 Phe 1.51 0.15 11.70 1.18 
1037 lie 1.45 0.15 11.03 1.84 
1038 Ser 1.62 0.17 12.72 1.26 
1040 Asn 1.59 0.32 10.89 3.72 
1042 Glu 1.44 0.22 13.16 1.63 
1043 Asn 1.36 0.15 7.04 1.08 
1044 Phe 1.46 0.10 8.67 0.50 
1046 Tyr 1.27 0.14 13.50 1.38 
1047 Gly 1.75 0.23 12.54 3.24 
1048 Ser 1.31 0.12 13.79 1.08 
1050 Val 1.40 0.17 12.04 1.25 
1051 Thr 1.45 0.13 10.79 1.33 
1052 Tyr 1.49 0.21 10.64 1.30 
1053 Arg 1.50 0.14 12.46 0.98 
1054 Cys 1.64 0.15 11.93 1.02 
1055 Asn 1.64 0.14 10.79 4.03 
1056 Leu 1.31 0.07 12.41 0.42 
1057 Gly 1.52 0.13 11.72 1.18 
1060 Gly 1.64 0.25 14.02 2.18 
1061 Arg 1.30 0.19 11.29 1.43 
1062 Lys 1.45 0.13 11.78 0.90 
1063 Val 1.10 0.11 11.78 1.37 
1064 Phe 1.47 0.08 10.21 0.47 
1065 Glu 1.56 0.12 11.54 0.85 
1066 Leu 1.41 0.11 11.61 0.78 
1067 Val 1.64 0.15 11.41 1.16 
1068 Giy 1.26 0.12 13.53 0.98 
1069 Glu 1.16 0.07 11.67 0.70 
1071 Ser 1.43 0.10 10.26 0.72 
1072 lie 1.41 0.16 11.05 2.23 
1073 Tyr 1.51 0.17 14.55 1.02 
1074 Cys 1.49 0.19 16.05 2.55 
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1075 Thr 1.29 0.18 13.76 1.98 
1076 Ser 1.53 0.11 11.85 1.57 
1080 Gin 1.34 0.23 22.67 8.14 
1082 Gly 1.69 0.23 23.75 4.11 
1084 Trp 1.38 0.16 13.11 1.00 
1085 Ser 1.50 0.15 12.69 1.66 
1086 Giy 1.49 0.10 13.77 0.74 
1088 Ala 1.48 0.11 12.35 1.75 
1090 Gin 1.65 0.14 9.88 0.92 
1091 Cys 1.50 0.12 9.92 1.20 
1092 lie 1.43 0.12 10.19 0.79 
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8.6 Amide Chemical Shifts in VCP:23 at 15° C and 25° 
C compared to 37° C 
Residue 
& atom type 
15° 
15 N [ppm] 
C 
1 H [ppm] 
25° 






1 11 [ppm] 
3 Gin HN 120.625 8.582 120.787 8.508 121.039 8.428 
4 Phe HN 121.001 8.338 121.021 8.227 121.142 8.104 
5 lie HN 122.565 7.918 122.465 7.817 122.472 7.701 
6 Lys HN 124.874 8.346 124.890 8.245 125.021 8.126 
7 Arg HN 122.631 8.380 122.740 8.274 122.952 8.155 
9 Cys HN 119.780 8.912 120.170 8.865 120.718 8.802 
11 Ser HN 117.657 8.773 117.866 8.677 118.168 8.561 
16 Asp HN 126.491 8.410 126.540 8.334 126.654 8.239 
17 Asn HN 114.317 9.025 114.680 8.940 115.103 8.830 
18 Gly HN 102.397 7.286 102.760 7.246 103.257 7.202 
19 Gin HN 117.280 8.804 117.671 8.772 118.147 8.729 
20 Len HN 120.505 8.374 121.035 8.296 121.705 8.208 
21 Asp HN 123.525 8.423 123.915 8.402 124.489 8.378 
22 Ile HN 126.476 8.849 126.650 8.747 126.925 8.624 
23 Gly HN 119.681 8.990 119.760 8.900 119.94 8.799 
24 Gly HN 107.192 7.569 107.576 7.538 108.089 7.499 
25 Val HN 105.579 8.339 105.993 8.272 106.582 8.192 
26 Asp HN 118.542 7.565 118.906 7.532 119.486 7.494 
27 Phe HN 119.762 8.561 120.207 8.494 120.763 8.412 
29 Ser HN 117.667 8.518 117.808 8.437 118.082 8.373 
30 Ser HN 113.068 8.552 113.326 8.467 113.734 8.366 
31 lie HN 117.676 8.696 117.991 8.655 118.516 8.605 
32 Thr HN 116.998 8.139 117.298 8.114 117.756 8.081 
33 Tyr HN 128.423 9.695 128.471 9.587 128.637 9.467 
34 Ser HN 112.223 8.705 112.608 8.641 113.124 8.564 
35 Cys HN 116.064 8.861 116.597 8.791 117.34 8.697 
36 Asn HN 122.019 8.844 122.304 8.789 122.719 8.721 
37 Ser HN 113.327 8.585 113.718 8.504 114.274 8.404 
38 Giy HN 113.525 9.056 113.784 8.968 114.182 8.867 
40 His HN 117.537 9.565 118.055 9.522 118.736 9.471 
41 Len HN 126.827 8.557 127.227 8.474 127.739 8.371 
42 lie HN 128.656 9.312 129.082 9.273 129.635 9.225 
45 Ser HN 113.484 8.477 113.651 8.401 113.909 8.316 
46 Lys HN 119.305 7.559 119.615 7.505 120.079 7.443 
48 Tyr HN 122.012 8.602 122.367 8.601 122.866 8.593 
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49 Cys HN 121.088 8.464 121.513 8.415 122.09 8.357 
50 Glu HN 131.217 9.267 131.424 9.217 131.768 9.154 
52 Gly HN 114.663 9.027 114.777 8.951 115.032 8.861 
54 Thr HN 109.524 8.037 109.826 7.983 110.255 7.919 
55 Gly HN 108.692 7.967 109.029 7.940 109.486 7.905 
57 Met HN 121.977 8.419 122.303 8.330 122.743 8.224 
58 Val HN 119.358 9.276 119.570 9.218 119.893 9.140 
59 Trp HE1 127.034 10.580 127.360 10.515 127.837 10.438 
59 Trp HN 121.972 7.909 122.250 7.842 122.634 7.758 
60 Asn HN 123.658 9.761 123.949 9.698 124.385 9.627 
62 Glu HN 117.489 8.487 117.857 8.408 118.427 8.315 
63 Ala HN 122.947 8.067 123.212 7.978 123.603 7.869 
65 lie HN 108.588 7.688 109.254 7.651 110.122 7.610 
66 Cys HN 120.077 9.062 120.613 8.986 121.322 8.891 
67 Glu HN 124.690 9.051 125.122 9.019 125.682 8.983 
68 Ser HN 122.013 9.175 122.239 9.089 122.548 8.984 
69 Val HN 123.157 7.916 123.491 7.877 123.954 7.830 
70 Lys HN 125.570 8.409 125.661 8.295 125.821 8.167 
71 Cys HN 116.785 8.946 117.046 8.896 117.44 8.833 
72 Gin HN 119.942 8.633 120.279 8.556 120.757 8.464 
73 Ser HN 114.322 8.116 114.620 8.057 115.062 7.985 
76 Ser HN 117.459 8.624 117.834 8.541 118.365 8.443 
77 lie HN 117.239 8.940 117.404 8.809 117.666 8.651 
79 Asn HN 115.298 9.113 115.717 9.031 116.28 8.928 
80 •Giy HN 101.548 7.154 101.950 7.130 102.525 7.100 
81 Arg HN 116.716 8.983 117.062 8.925 117.529 8.862 
82 His HN 115.107 7.670 115.257 7.599 115.566 7.514 
83 Asn HN 118.746 7.843 119.083 7.844 119.516 7.837 
84 Gly HN 115.047 10.957 115.363 10.876 115.766 10.777 
86 Glu HN 119.323 7.731 119.695 7.701 120.259 7.664 
88 Phe HN 112.933 7.268 113.258 7.228 113.746 7.183 
89 Tyr HN 118.467 9.030 118.865 8.964 119.404 8.886 
90 Thr HN 112.421 8.394 112.655 8.319 113.037 8.231 
91 Asp HN 124.128 8.847 124.318 8.733 124.654 8.591 
92 Gly HN 114.825 9.213 115.093 9.168 115.476 9.117 
93 Ser HN 116.984 8.074 117.254 8.036 117.63 7.989 
94 Val HN 121.791 8.475 122.063 8.386 122.453 8.278 
95 Val HN 128.426 8.831 128.501 8.786 128.699 8.730 
96 Thr HN 121.061 8.576 121.065 8.520 121.098 8.454 
97 Tyr HN 127.472 9.307 127.284 9.200 127.102 9.070 
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98 Ser HN 111.555 8.992 111.954 8.930 112.498 8.854 
99 Cys HN 117.913 8.974 118.351 8.895 118.949 8.798 
100 Asn HN 121.933 8.787 122.215 8.731 122.611 8.665 
101 Ser HN 113.436 8.553 113.897 8.479 114.504 8.388 
102 Gly HN 113.830 8.998 114.138 8.910 114.547 8.807 
103 Tyr HN 118.244 8.225 118.597 8.185 119.078 8.135 
104 Ser HN 117.303 9.632 117.654 9.563 118.116 9.482 
105 Leu HN 127.109 8.478 127.539 8.393 128.06 8.292 
106 lie HN 130.838 9.505 131.097 9.444 131.427 9.370 
107 Gly HN 115.534 8.554 115.721 8.459 115.99 8.345 
109 Ser HN 116.057 8.572 116.182 8.481 116.395 8.373 
110 Gly HN 107.720 8.034 107.870 7.956 108.146 7.861 
111 Val HN 119.867 9.168 120.295 9.111 120.785 9.040 
112 Leu HN 125.243 8.488 125.650 8.442 126.159 8.386 
113 Cys HN 127.753 8.735 127.859 8.680 128.046 8.615 
114 Ser HN 124.465 8.958 124.824 8.899 125.309 8.832 
115 Gly HN 118.836 9.479 119.055 9.447 119.335 9.412 
116 Gly HN 104.762 8.348 104.929 8.212 105.186 8.044 
117 Glu HN 120.059 7.400 120.393 7.361 120.865 7.310 
118 Trp HE1 128.475 9.668 128.848 9.617 129.381 9.562 
118 Trp HN 122.651 8.648 123.014 8.564 123.522 8.462 
119 Ser HN 116.096 8.134 116.478 8.123 116.958 8.112 
120 Asp HN 115.878 8.127 116.236 8.039 116.739 7.938 
123 Thr HN 105.972 8.058 106.565 8.022 107.321 7.976 
124 Cys HN 120.652 9.159 121.293 9.072 122.119 8.969 
125 Gin HN 123.932 9.465 124.146 9.405 124.513 9.342 
126 Ile HN 126.862 8.905 126.945 8.813 127.157 8.701 




8.7 Curve fitting programmes utilising Marquard-Levenberg 
algorithms 
Common parts of all nonlinear fitting programmes 
Based on "Numerical Recipes in C" [127] 
/** this file: fit_nonlin.c **/ 
1*" Numerical Recipes files used in this project: 
** mrqmin.c - minimalisation cycle rutine "mrqmin" 





***** other files: ***** 
** file describing loading of the data: void load_data() 
** file describing function to be fit: void functiono) 
#include <stdio.h> 
#include <stdlib . h> 
#include <math.h> 
#include "nrutil h" 
#define FIRST_SCAN_PARAM 	 3 
#define FINAL-CHI-THRESHOLD 0.000001 
#define NAX_LEVENBERG_ITER 	200 
#define MAX_CHI_NONCONV 40 
#define P1 	 3.141592663589 
void mrqmin( float xD, float yE], float sigD, mt ndata, float a[], 
mt ia[], mt ma, float **covar, float **alpha, float *chisq, 
void (*funcs)(float, float [], float *, float 0, int), 
float *alamda); 
void load_data(char *name, float **x, float ***M, float ***Msig, 
mt ndata, mt **pmask, mt ma, mt sets); 
void function(float x, float aD, float *y, float dydaD, mt na); 
void main (mt argc, char **argv) 
{ 
mt 	ndata,nia, sets; 
mt *mask; 
float 	*x, *y, *ysig, *a, *b, **Msig, **M; 
mt i , n,set , iter_count, chi_conv_count; 
float 	chisq, old_chisq, lambda; 
float **alpha, **cov; 
char 	*name; 
1* read in dimentions ndata and ma and nuber of data sets */ 
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if( argc < (1+FIRST_SCAN_PARAM) ) { 
printf ("You must provide input file and original guess: 
\n fit_gauss <file> <Number of time points> <guess for T> \n"); 
/*** function tanh: 
**** 	printf("You must provide input file and original guess: 
\n fit_tanh <file> <Number of time points> <guess for Etha> \n"); 
**** function expT: 
**** 	printf("You must provide input file and original guess: 
\n fit-gauss <file> <Number of time points> <guess for T> \n"); 
exit(-I);  
} else { 
name = argv[1]; 
sscanf( argv[2], "/.d", &ndata ); 
ma2; setsl; 
/*** function tanh: 
**** 	mal; setsl; 
/*** function expT: 
**** 	ma2; setsl; 
} 
x = vector( 1, ndata ); 
a = vector (1, ma); 
b = vector (1, ma); 
mask = ivector( 1, ma 
M = matrix( isets, 1,ndata ); 
Msig = matrix( 1,sets,1, ndata ); 
alpha = matrix( 1, ma, 1, ma ); 
coy = matrix( 1, ma, 1, ma 
y = vector( 1, ndata ); 
ysig = vector( 1, ndata ); 
1* load in data points and mask - gauss_in.c file 	*1 
load_data(nalue,&x,&M,&Msig,fldata,&fllaSk,ma,sets); 
set = 1; 
1* Assign guess of parameters from rest of command line *1 
while( set <= sets ) { 
b[1] = M[set]W; 
for(i=2; i<ma; j++){ 
b Li] =atof (argv [i+FIRST_SCAN_PAPAM-2]); 
} 
/*** function tanh: 
**** 	b [1] =atof (argv [FIRST_SCAN_PARAM]); 
/*** function expT: 




for( i = 1; i<ndata; i++ ) { 
y[i] = M[set][i]; 
ysig[i] = Msig [set] [i]; 
} 
for( i1; i<-ma; ii-+) a[i]b[i]; 
lambda = -1.0; 
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chisq = (float)(1.0); 
chi_conv_count = 0; 
iter_count = 0; 
mrqmin( x, y, ysig, ndata, a, mask, 
ma, coy, alpha, &chisq, function, &lambda ); 
for(;;) { 
/*try resizing the problem will demand also/or only resizing in mrq itself */ 
1* mrq stores the last value of chisq it worked with */ 
/* if (chisq < 0.00001) { 
/* printf("will mult \n"); chisq *= le+12; } 	 */ 
old_chisq = chisq; 
iter_count++; 
mrqmin( x, y, ysig, ndata, a, mask, 
ma, coy, alpha, &chisq, function, &lanibda ); 
if (chisq > old_chisq) { 
chi_conv_count0; 
} 
else if (fabs(old_chisq-chisq) < FINAL-CHI-THRESHOLD) { 
chi_conv_count++; 
} 
if (chi_conv_count < 40) continue; 
lambda = 0; 
mrqmin( x, y, ysig, ndata, a, mask, 






free-vector( x, 1, ndata ); 
free-vector( a, 1, ma 
free-vector( b, 1, ma ); 
free_ivector( mask, 1, ma ); 
free-matrix( M, 1, ndata, 1, sets ); 
free-matrix( Msig, 1, ndata, 1, sets ); 
free_vector( y, 1, ndata ); 
free-vector( ysig, 1, ndata ); 
free-matrix( alpha, 1, ma, 1, ma 
free-matrix( coy, 1, ma, 1, ma 
} 





#include "nrutil . h" 
void load_data(char *name, float **px, float ***pM, float ***pMsig, 
mt ndata, mt **pmask, mt ma, mt sets) 
{ 
mt 	i,m,*mask; 
float *x, *a, **M, **Msig; 
float dummy,dummyl; 
FILE *fp; 
ma - number of parameters 	 *1 
ndata - number of data points 
/* 	sets - number of data sets in a file 
1* allocate vectors and matrices 	 */ 
x = vector( 1, ndata ); 
mask = ivector( 1, ma ); 
N = matrix( 1,sets, 1,ndata ); 
Msig = matrix( 1,sets,1, ndata ); 
/* 	read in x,M, and sig on N 	 *1 
if ( (fp = f open (name,"r")) == 0 ) { 
printf(" file hasn't been opened\n"); 
exit(-I);  
} else { 
for Ci = 1; i<= ndata; i++ ) { 
fscanf(fp, "%g", &dummy ); 
x[i) (float) dummy; 
for (m1; m<=sets; m++) { 
fscanf(fp,"%g", &dummy); 
M[m]Ei] (float) dummy; 
fscanf(fp,"/.g", &dummyl); 
Msig[m][i] = (float) dummyl; 
} 
fclose(fp); 
for( i = 1; i <= ma; i++ ) { 
*(mask+i) = 1; 	 1* all parameters to fit *1 
} 
*px =x; *pm =M; *pMsig =Msig; *pmask =mask; 
} 
void save_res(int set, float *a, mt ma, float **cov, float chisq) 
{ 
mt i; 
for(i1; i<-ma ; i++) { 
prmntf("/.10.8e '/.10.8e \n",a[i],sqrt(cov[i][il)); 
} 
} 






printf("/.10.8e Y.10.8e 	chisq %e \n", all], sqrt(cov[1][1]) , schisq); 
for(i=2; i<-ma ; i++) { 
printf("/.10.8e '/,10.8e \n",a[i],sqrt(covli][i])); 
} 
} 
Function input for fitting 1(t) = 10 * exp(—t/T) 
this file: expT.c 
/*4 Defines function to be fitted and 
** it's first derivative in each of the parameters P*/ 
#include <math.h> 
void funct ion (float x, float aD, float Sy, float dyda[], mt na); 
void function (float x, float a[], float *y, float dydaD, mt na) 
{ 
1* dyda is vector "malloced" in mrqcof.c , that's where the call to function comes from 
/s y = A * exp(-x/B) *1 
float ex,arg; 




dyda [2] =a [1] *ex*arg/a [2]; 
} 
Function input for fitting IA/lB = tanh(rT) 
this file: tanh.c 
/** Defines function to be fitted and 
** it's first derivative in each of the parameters **/ 
#include <math.h> 
#define P1 	 3.141592663589 
void function(float x, float aD, float *y, float dyda[], mt na); 
void function (float x, float aU, float Sy, float dyda[], mt na) 
{ 
/s dyda is vectorednialloced" in mrqcof.c , that's where the call to function comes fror 
Is y = tanh( A*x ) */ 
sy = tanh ( all] * x ) 




8.8 Spectra referencing script 
The awk script to automate the referencing of the spectra directly from experimental param-
eters saved by the VNMR (Varian) software running the experiment. The macro uses water 
frequency to reference proton dimension and -yx/7H for other. 
#!/bin/nawk -f 
# This file ref erence3D 
# Krystyna Bromek: written Sept. 1999, modified Dec 2000 
BEGIN { 
if (ARGC != 3) { 
printf"\nUSAGE: ref erence3D info-file procpar > out_file \n"; 
printf"\nUse an info-file format:"; 
printf"\n path <full path for fid>"; 
printf"\n ndim <number of dimensions>"; 
printf"\n <dim_number> <nucleus> <offset or 0> <number of real points after ZF&FT>" 
printf"\n pH <pH>"; 
printf"\n salt <concentraton in mM >\n"; 
printf"\n * offset is a SIGNED value in Hz either 
printf"\n for carrier offset from water frequency 	or 
printf"\n for shaped pulse from where you are pulsing to tof/dof/dof2\;"; 
printf"\n 	\"+\" is up the ppm/Hz scale, \"-\" down "; 
printf"\n * temperature is read directly from procpar; if you think"; 
printf"\n VT was wrong change it in the procpar or let me know."; 
printf"\n * this referencing macro is written for Varian spectrometer with 
printf"\n channel 1 - 1ff, channel 2 	13C, channel 3 - 15N \n"; 
printf"\n Any comments to Krystyna \n"; 
printf"\ninfo_file eg:\n 	path /usr3/somebody/NMR_DATA/010199 .fid"; 
printf"\n 	ndim 2"; 
printf"\n 1 1ff -2200 1024"; 
printf"\n 	2 1H 	0 	128"; 
printf"\n 3 13C 0 128"; 
printf"\n 	salt 200"; 





# read the data in 
FILENAME == ARGV[1] { 
if ($1"path") 	{ fid = 
} else if ($1 11pH") 	{ pH = $2; 
} else if ($1== 11 salt") { salt = $2; 
} else if ($1"ndim") { ndim = $2; 
} else if (($i"l") && ($2"1H 1 ')) { Hoffsetl$3; zfnp_diml$4; 
} else if (($1"2") && ($2"lH")) { Hoff set2$3; zfnp_dim2$4; dim2"1H"; 
} else if (($1"2") && ($2"16N")) { Noffset$3; zfnp_dim2$4; dim2&'16N"; 
} else if (($1"2") && ($2 11 13C")) { Coffset2$3; zfnp_dim2$4; dim2=$2; 
} else if (($1"3") && ($2"1H")) { Hoff set3$3; zfnp_dim3$4; dim3&'1H"; 
} else if (($1"3") && ($2"l5N")) { Noffset$3; zfnp_dim3$4; dim3"15N"; 
} else if (($1"3") && ($2"13C")) { Coffset3$3; zfnp_dim3$4; dim3$2; 
} 
APPENDICES 	 253 
} 
FILENAME == ARGV[2] { 
if (p1 == "true") { sfrq = $2*1.e+6; 
)- else if (p2 == "true") { dfrq = $2*1.e+6; 
} else if (p3 == "true") { dfrq2 = $2*1.e+6; 
} else if (p4 == "true") { temp = $2; 
} else if (p5 == "true") { sw = $2; 
} else if (p6 == "true") { swi = $2; 
} else if (p7 == "true") { sw2 = $2; 
} else if (p8 == "true") { np = $2; 
} else if (p9 == "true") { npl = 2*$2; 
} else if (plO == "true") { np2 = 2*$2; 
} 
else if (p11 == "true") { len = length($2); 
if (ndim == 1) { array = "1" 
} else if (ndim == 2) { array = "2" 
} else if (ndim == 3) { 
if (substr($2,2,6) == "phase2") { 
array = 11 3 2" ; 	4* sensitivity enhanced experiment 
} 
else if (substr($2,2,6) == "phase,") { 
if (substr($2,len-6,6) == "phase2") { 
array = 11 2 3"; 	4* "normal" 3D 
} else { 
array = 112 3 11 ; 	# 2D with extra arrayed parameter before phase 
} else { 




if ($1=="sfrq") 	 { p1 = "true"; 
} 
else if ($1"dfrq") { p2 = "true"; 
} else if ($1=&'dfrq2") { p3 = "true"; 
} else if ($1= 11temp") { p4 = "true"; 
} else if ($1"sw") 	{ p5 = "true"; 
} else if ($1 11 sw1") { p6 = "true"; 
} else if ($1 11sw2") 	{ p7 = "true"; 
} else if ($1& 1np") { p8 = "true"; 
} else if ($1"ni") 	{ p9 = "true"; 
} else if ($1"ni2 11 ) { plO = "true" 
} 
else if ($1=="array") 	{ p11 = "true" 
)- else { 
p1 11false"; p2 11false"; p3& 1false"; p4 11false"; p5&'false"; 




if (sfrq == 1) {exit(0);} 
4* calculate water reference 
t_coef = -0.0119; pH_coef = -0.002; s_coef = -0.009; 
wppm = 4.776 + (temp-25)*t_coef + (pH-7.0)*pH_coef + salt/100.*s_coef 
gainmal5N = 0.1013291180; 4* " J.Eiomol.NMR 6,135(1995) 
t_cN}13 = 0.04*1.e6 4* temp correction coeficient for NH3 (for dfrq2 in Hz) 




# possibility to reference 13C to TMS: 
# t_cTMS = -0.004 
& ammai3C = amma13C + dfrq*1.e-6*(1.7 + (temp-25)*t_cTMS)/freq_H0PPm -. 	 - 
# calculate offsets in ppm 
Hoffsetl_ppm = Hoffsetl*1 .e+6/sfrq; 
Hoff set2_ppm = Hoffset2*1 . e+6/sfrq; 
Hoff set3_ppm = Hoffset3*1 . e+6/sfrq; 
# get the ppm at the middle of the spectrum 
freq_HMlppm = wppm + HoffsetLppm; 
	#ppm at the middle of the spectrum in 1H dim 
freq_HM2ppm = wppm + Hoff set2_ppm; 
freqHM3ppm = wppm + Hoff set3..ppm; 
# otherways could be called 
# chl_carrier_ppml, chl_carrier_ppm2, chl_carrier_ppm3 
# get the zero frequency in ppm 
freq..HOppm = sfrq / (1 + ((freqHMlppm) * 1.e-6)); 
printf("! freq..HOppm is : '/.f Hz\n", freq_Hoppm); 
printf("! offset carrier to water is: '/.f ppm\n",Hoffsetl_ppm); 
freq...Coppm = freq_H0ppm * ganuna13C 
freq_Noppm = freq....H0ppm * ganimal5N - (temp-26)*t_cNH3*dfrq2; 
#get the carrier frequencies in C and N 
ch2_carrierppm2 = -1.e+6 * (freq_Coppm 
ch2carrier_ppm3 = -1.e+6 * (freq_Coppm 
ch3_carrier_ppm = -1.e+6 * (freq_Noppm 
sfrq = sfrq * 1.e-6; 
dfrq = dfrq * 1.e-6; 
dfrq2 = dfrq2 * 1.e-6; 
zfnp..diml = 1+ zfnp_dimi/2 
zfnpdim2 = 1+ zfnp_dim2/2 
zfnp.dim3 = 1+ zfnp...dim3/2 
if (ndiui == 1) { 
dfrq + Coffset2) / freq...COppm; 
dfrq + Coffset3) / freq....COppm; 
dfrq2 + Noff set) / freq_Noppm; 
printf("ndim '/.d \n\nfile 7.5 \n\nint \nhead 8 \n\n", ndim, fid ); 
printf("dim 1 \nnpts %d ! added 7 to account for head 8\n", np+7); 
printf("sw %f\nsf Y.f \nref ppm %f \nrefpt %f ! 1+np/2 in ZF&FT spec \nnuc 1H\n\n", 
sw, sfrq, freq_H!4lppm, zfnpdiml); 
} else { 
printf("ndim '/.d \n\nfile %s \n\nint \nvarian 7.s\n\n", ndim, fid, array ); 
printf("dim 1 \nnpts 'hd \nsw '/.f\nsf '/.f \nrefppm %f \nrefpt %f 
1+np/2 in ZF&FT spec \nnuc 1H\n\n", np, SW, sfrq, freqjlMlppm, zfnp.diml); 




printf("dim 2 \nnpts %d \nsw %f\nsf %f \nrefppm '/.f \nrefpt '/.f 
1+np/2 in ZF&FT spec\nnuc 1H\n\n", npl, swi, sfrq, freq_HM2ppm,zfnp_dilfl2); 
} 
if (dim2 - "13C") { 
printf("dim 2 \nnpts %d \nsw '/,f\nsf %f \nrefppm '/.f \nrefpt %f 
1+np/2 in ZF&FT spec \nnuc '/,s\n\n", 
npl, swi, dfrq, ch2_carrier_ppm2,zfflp_diIfl2,dim2) 
} 
if (dim2 == "15N") { 
printf("dim 2 \nnpts '/.d \nsw '/.f\nsf %f \nrefppm %f \nrefpt '/.f 
1+np/2 in ZF&FT spec \nnuc 16N\n\n", 
npl, swi, dfrq2, ch3_carrier_ppm,zfflp_dim2) 
} 
if (dim3 == "IM") { 
printf("dim 3 \nnpts 'hd \nsw '/.f\nsf '/.f \nref ppm '/.f \nrefpt '/,f 
1+np/2 in ZF&FT spec \nnuc 1H\n\n", np2, sw2, sfrq, freq_HM3ppm,zfnp_diiu3); 
} 
if (dim3 - "13C") { 
printf("dim 3 \nnpts %d \nsw '/.f\nsf %f \nref ppm %f \nrefpt '/,f 
1+np/2 in ZF&FT spec \nnuc %s\n\n", 
np2, sw2, dfrq, ch2_carrier_ppm3,Zfflp_dilfl3,difll3) 
} 
if (dim3 == "15N") { 
printf("dim 3 \nnpts 'hd \nsw '/.f\nsf '/.f \nref ppm '/.f \nrefpt %f 
1+np/2 in ZF&FT spec \nnuc 16N\n\n", 
np2, sw2, dfrq2, ch3_carrier_ppm,zfnp_dim3) 
} #END 
